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Abstract 
 
Optical coatings have applications across a wide variety of industries with antireflective 
coatings accounting for a major proportion of production.  Some of the most dynamic 
research into optical thin films is currently being conducted in the field of optoelectronics.  
New screen display technologies, smarter windows and more efficient photovoltaic devices 
are being produced as a result.  With the relentless evolution of devices and technologies, 
more advanced optical coatings capable of meeting the specifications are required.  Synthesis 
of advanced broadband optical coating designs is a major challenge in the field. 
Using the unique functionality of the Filtered Cathodic Vacuum Arc (FCVA) to control the 
deposition energy and hence the growth morphology of sub-10nm Al thin films, an 
antireflective optical coating based on an Al2O3/Al/Al2O3 trilayer design was synthesised on 
Si.  A study of aluminium sub-oxide thin films deposited using FCVA was carried out in order 
to relate their optical properties with their composition.  The results were then used to 
develop a method for depositing ceramic metallic (cermet) gradient index coatings with 
desirable optical properties. 
Atomic Layer Deposition (ALD) was used to produce a series of AlxTi1-xOy dielectric 
composite thin films and the microstructure and optical properties were characterised in 
detail.  The optical properties were found to be an amalgamation of the spectral 
characteristics of the constituent materials.  It was found that the chemical composition of a 
gradient coating can be effectively controlled through the use of different composite cycle 
ratios using ALD.  In this way a precise method for the deposition of gradient index coatings 
composed of AlxTi1-xOy with tailored optical properties has been attained.  This particular 
ALD method shows promise for the production of complex gradient index filter designs. 
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Chapter I  
 
 
Introduction 
 
 
 
The work presented in this thesis is placed within the historical context of thin 
film optics.  This chapter also includes the aims and an overview of the 
conducted research. 
 
 
 
 
1.1 Historical overview of optical coatings 
 
 
1.1.1  19th century 
 
The wave theory of light was developed in the early 19th century [1, 2].  Using Fresnel’s 
theory, Poisson determined that a quarter wave thick coating with a refractive index of 
1 2n n , placed between media with refractive indices n1 and n2 would reduce the reflectance 
of the surface to zero [3]. 
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‘A Treatise on Electricity and Magnetism’ [4] which reviewed and greatly added to the 19th 
century’s findings on electromagnetic interactions in matter was later published.  Maxwell’s 
equations provide us with the basis for all optical coating problems. 
 
 
1.1.2  20th century 
 
Geffcken benefitted from advances in vacuum systems and produced metal dielectric 
interference filters as well as a number of different types of antireflection coatings [5].  
Abelés formed a method for calculating the optical response of multilayer transparent thin 
films which helped in the development of optical coating design [6].  This led to greater 
interest in measurement techniques for determining optical constants of thin films.  Heavens 
describes the techniques used in determining optical constants of thin films, some of which 
he himself advanced [7, 8]. 
The development of radio wave communication led to research efforts into the effects of the 
atmosphere on wave transmission and reflection [9].  The setting up of electrical grids 
throughout the world provided a need for maximizing power transmission in these grids.  
One of the ways in which better power transport efficiency was achieved was through the 
application of impedance matching in transmission lines [10, 11].  The issues of wave 
transmission and reflection that confronted the implementation of these major technological 
advances are analogous to those found in the field of optical coatings.  The work of people in 
these fields suggested that the additional degrees of freedom that gradient index designs 
offer would produce optical filters with more desirable qualities.  The late 20th century 
advancements in computing have made it easier to simulate the interaction of light with 
optical coatings [12, 13].  The theoretical optical response of gradient index coatings has 
indeed shown that there would be significant optical efficiency advantages over standard 
multilayer coatings in implementing gradient index designs [14-17]. 
Jacobsson was early in recognising the importance of gradient index designs in improving 
the performance of optical coatings.  He had characterised the optical constants of ZnS-
Na3AlF6, CeO2-MgF2, CeO2-CeF3, ZnS-CeF3, Ge-MgF2 co-evaporated materials and proposed 
to use them in depositing various gradient index designs [18].  An early commercial 
application of using inhomogeneous films as optical coatings was found in producing low 
reflecting, absorbing films on sunglasses [19]. 
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1.1.3  21st century 
 
There has been renewed interest in composite coatings for producing tailored optical 
constants [20-24] and graded index antireflection coatings [25, 26].  Kanamori et al. have 
shown that very low effective refractive index structures could be produced by employing 
sub-wavelength periodic structures [27] and Kuo et al. [25] had realised an antireflection 
coating which contained layers with optical constants close to that of air by using such 
structures.   
Research in the field of porous Si coatings led to the ability to precisely control the porosity 
of these coatings through the control of the electrochemical deposition process [28].  Much 
as in the case of nanorods the amount of porosity can be manipulated in order to deposit 
coatings with predefined refractive indices.  Lorenzo et al. have been successful in depositing 
rugate optical filter designs using this method [29, 30].  Rugate optical filter designs refer to 
designs whose refractive index varies in a sinusoidal fashion with respect to the thickness of 
the coating.  One of the major issues in porous Si coatings, however, is the degradation of the 
coating through oxidation over time [28]. 
Notably the inherent problem in using porous thin films, whether nanorods or porous Si is 
that their refractive index is affected by the ambient medium [31].  This feature has led to the 
use of porous Si coatings as humidity sensors [32, 33]. 
Lappschies et al. [34] have shown the improvement in spectral properties of optical filters 
that is possible by implementing rugate coating designs using a traditional ion beam 
sputtering technique in conjunction with optical monitoring and error compensation 
techniques. 
 
 
1.1.4  Applications 
 
The use of optical coatings has become widespread.  They have been instrumental in letting 
us see further into the reaches of space with telescopes [35] and helping to sort internet 
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signals where optical filters are used in Dense Wavelength Division Multiplexing (DWDM) 
[36, 37].  Apart from being used on surfaces of lenses and prisms in everyday items such as 
eyeglasses, photocopiers and cameras, antireflection coatings are crucial in the field of 
photovoltaics. 
Current screen display technologies as well as vertical cavity surface emitting lasers (VCSEL) 
which are used as optoelectronic transmitters in the telecommunications industry are 
examples of technologies that would be greatly benefited from advancements in the field of 
optical thin films.  Thin films in devices without direct optical applications such as gate 
oxides in Metal Oxide Semiconductor Field Effect Transistors (MOSFET) and Dynamic 
Random Access Memory (DRAM) capacitors could also benefit from research into novel 
materials with desirable optical properties. 
As optoelectronic devices become more prevalent, more complex optical coatings that are 
capable of meeting specifications are required.  Consideration of the optical as well as the 
electrical properties of thin films is likely to lead to the creation of more capable 
optoelectronic devices at lower cost and size. 
Currently it is the synthesis rather than the design of advanced broadband optical coatings 
that is proving to be the greater limitation to the advancement of the field.  This is due to the 
difficulty inherent in attempting to deposit thin films on the nanometre scale with precise 
control over their thickness and properties. 
 
 
 
 
1.2  Thesis intention 
 
 
1.2.1  Aim 
 
The primary aim of this work is to use Atomic Layer Deposition (ALD) and Filtered Cathodic 
Vacuum Arc (FCVA) deposition in order to synthesise advanced broadband optical coating 
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designs.  The two deposition techniques are employed in this study in order to produce 
multilayer coatings with desirable optical properties.  High transparency, contrasting 
refractive indices and the ease with which titanium and aluminium oxides can be deposited 
by various methods has made them the subject of this study. 
FCVA is an environmentally clean technique which can be used to produce dense coatings at 
a high rate of deposition.  It offers the ability to use various substrate biasing techniques for 
altering the energy of the depositing ion species in order to control microstructure and 
properties of thin films.  ALD offers us a way to precisely control the deposition process and 
produce novel materials.  Depositions carried out using ALD are conformal which allows 
them to produce uniform coatings on devices such as diffraction gratings. 
In order to move beyond traditional multilayer optical coatings, the issue of implementation 
of gradient index or rugate designs is considered.  Control over the optical properties of thin 
films needs to be achieved in order to be able to deposit gradient index coatings with 
predefined refractive index profiles.  For this reason, investigations of aluminium sub-oxide 
and AlxTi1-xOy composite thin films are carried out.  AlOx thin films deposited by FCVA and 
AlxTi1-xOy deposited by ALD are characterised for their optical, morphological and bonding 
structure properties using a variety of techniques. 
The ultimate aim of this work is to synthesise rugate designs by creating robust gradient 
index coatings using deposition techniques which show great promise in the field of optical 
coatings. 
 
 
1.2.2  Anticipated outcomes 
 
The ability to produce traditional multilayer optical coating designs using ALD and FCVA 
methods will be tested.  An advantage of FCVA over other Physical Vapour Deposition (PVD) 
methods is the almost fully ionised plasma which allows control over the deposition energy.  
The use of voltage substrate bias allows control over the growth morphology of ultra thin Al 
metal being deposited on a dielectric surface.  This study will be used in order to produce 
advanced antireflective trilayer coatings (dielectric/metal/dielectric) on Si.  By producing 
aluminium sub-oxide thin films using FCVA, the relationship between the Al content and the 
refractive index properties will be determined.  This relationship will be exploited in order to 
deposit gradient index AlOx coatings with desirable optical properties. 
6 
 
Precursor cycles during ALD will be manipulated in order to produce a variety of AlxTi1-xOy 
thin films.  The characterisation of these thin films is then anticipated to allow for deposition 
of gradient index coatings with control over the refractive index as a function of coating 
thickness.  This feature of control over the refractive index profile is sought in order to 
enable the implementation of complex rugate optical filter designs.  
 
 
1.2.3  Outline 
 
This work concentrates primarily on two relatively recently developed deposition techniques, 
namely Atomic Layer Deposition (ALD) [38] and Filtered Cathodic Vacuum Arc (FCVA) [39] 
for the deposition of novel types of optical coatings. 
The derivation of the basic optical coating theory from Maxwell’s equations is provided in 
Chapter II and Chapter III briefly describes the experimental methods used. 
The application of FCVA in depositing optical coatings in the DC reactive mode is explored in 
Chapter IV.  A trilayer antireflective optical coating design which includes a layer of ultrathin 
Al metal is implemented using FCVA.  Aluminium sub-oxide coatings deposited by FCVA are 
also characterised in Chapter IV with a view to creating thin films with specific optical 
properties. 
Chapter V explores the use of low temperature ALD in the deposition of optical coatings.  
The implementation of a standard multilayer coating design is carried out and the resulting 
coating investigated.  In addition, ALD is used to engineer AlxTi1-xOy composite dielectric 
coatings with novel optical properties and the local bonding environment of the elements is 
investigated. 
Using the results of investigations of AlOx and AlxTi1-xOy thin films in Chapters IV and V 
respectively, Chapter VI describes the implementation of gradient index designs using 
tailored optical properties as a function of coating thickness.  A gradient index AlOx coating 
is deposited using FCVA in the DC reactive mode.  The implementation of a complex optical 
rugate design is carried out using ALD to deposit a gradient index AlxTi1-xOy coating with a 
well defined refractive index profile.  The properties of the bandstop filter coating are 
investigated in detail. 
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Chapter II   
 
 
Optical coating theory 
 
 
 
 
Through a series of derivations this chapter explains how the spectral response 
of a given multilayer optical coating structure is calculated.  The current 
method for determining the ideal gradient index structure between two media 
to obtain a desired spectral response is also introduced. 
 
 
 
2.1 Introduction 
 
 
This chapter draws from the lessons of various textbooks on electromagnetics and seminal 
works such as Breskovskikh’s “Waves in Layered Media”[40].  While much of what is 
presented in this chapter is available elsewhere, for convenience of reference various 
concepts which are crucial in understanding the nature of optical coatings are presented.  
Historical breakthroughs mentioned in Chapter I are discussed further by looking at their 
implications for the development of optical coating theory.  Presented first is the derivation 
of the method for calculating the reflectance of a given multilayer design in part using the 
derivation offered by Macleod albeit using a different formalism [3, 41].  The mathematical 
description of an electromagnetic wave in a continuously changing medium is arrived at in 
the following section by borrowing a derivation from the related field of transmission line 
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theory [42-44].  An approximation to this mathematical description is discussed in the final 
section of this chapter and the current limitations in deriving the optimal coating design for 
any given desired spectral response are explored. 
 
 
 
2.2 Setting up the problem from Maxwell’s 
equation 
 
Maxwell’s equations have been the cornerstone of electromagnetic theory for more than a 
century.  We therefore use this set of fundamental equations in order to derive the various 
aspects of optical thin film theory. 
The magnetic field strength ( H

) is dependent on the free electric current density in the 
medium ( fJ

) and the electric displacement ( D

).  The electric field ( E

) is dependent on the 
magnetic induction ( B

).  The free charge present in the medium (ρf) is what determines the 
electric displacement ( D

) [2]. 
 f
DH J
t
∂∇ × = +
∂

  
 (II.1) 
 
BE
t
∂∇ × = −
∂

 
 (II.2) 
 fD ρ∇ ⋅ =
 
 (II.3) 
 0B∇ ⋅ =
 
 (II.4) 
Assuming linear, isotropic and homogeneous mediums that are described by the 
conductivity σ, electric permittivity ε, and the magnetic permeability µ, the following are the 
appropriate set of material equations. 
 fJ Eσ=
 
 (II.5) 
 D Eε=
 
 (II.6) 
 B Hµ=
 
 (II.7) 
Light can be described in terms of electromagnetic waves [2].  Since any wave can be 
expressed as a linear combination of sinusoidal waves [2], we examine the case of an 
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electromagnetic wave whose time dependence is a sinusoidal function with angular 
frequency ω that can be separated from its spatial coordinates: 
 ( , , ; ) ( , , ) i tE x y z t E x y z e ω=
 
 (II.8) 
 ( , , ; ) ( , , ) i tB x y z t B x y z e ω=
 
 (II.9) 
Applying these concepts to Equations (II.1)-(II.4) and assuming no free current or free 
charges present in the medium, Maxwell’s equations can be reduced to 
 fH i D Jω∇× = +
   
 (II.10) 
 E i Bω∇ × = −
  
 (II.11) 
 0D∇ ⋅ =
 
 (II.12) 
 0B∇ ⋅ =
 
 (II.13) 
Maxwell’s curl equations then assume the form of 
 H i E Eωε σ∇ × = +
   
 (II.14) 
 E i Hωµ∇× = −
  
 (II.15) 
Now taking the curl of both sides of Equation (II.15) we get 
 
2 1E i H i Eσωµ ω µε
ωε
 ∇×∇× = − ∇× = − 
 
     
 (II.16) 
Using the identity ( ) 2A A A∇ ×∇ × = ∇ ∇ ⋅ − ∇         and Equation(II.14) we get the following 
 
2 2 1 0E i Eσω µε
ωε
 ∇ + − = 
 
 
 (II.17) 
Where the propagation constant is 
 (1 )i i σγ ω µε
ωε
= −  (II.18) 
Considering the case of a wave travelling along the z axis with the electric field polarised in 
the x direction we get from Equation(II.17) 
 
2
2
2 0
x
x
E E
z
γ∂ − =
∂
 (II.19) 
The general solution of Equation(II.19) is of the form of Equation(II.20); the first term 
describes the electric field travelling in the positive z direction while the second term 
describes the electric field travelling in the negative z direction 
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 ( ) z zxE z E e E eγ γ+ − −= +  (II.20) 
Simplifying Equation(II.15) for this case we get 
 ( )( ) z zxy Ei iH z E e E e
z
γ γγ
ωµ ωµ
+ − −∂
= = − −
∂
 (II.21) 
Wave impedance Z is defined as 
 
E
Z
H
=

  (II.22) 
By combining Equations(II.20) and (II.21) we have the wave impedance Z of a medium 
related to its material properties in the following way 
 
iZ ωµ
γ
=  (II.23) 
Also note that the complex refractive index ñ (composed of the real refractive index n and the 
extinction coefficient k) is more commonly used in optics and is related to the material 
properties of a medium in the following way 
 
0 0
ñ n ik µε
µ ε
= − =  (II.24) 
Where µ0 and ε0 are permittivity and permeability of free space respectively 
Therefore Equation(II.21) can be represented as 
 ( ) ( )1 z zyH z E e E eZ γ γ+ − −= −  (II.25) 
We now have the mathematical representation of a linearly polarised electromagnetic wave 
travelling in the z direction. 
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2.3 Boundary reflection at normal incidence 
 
We now investigate the effect of a boundary or a sudden change in the medium at normal 
incidence that the electromagnetic wave is travelling through.  The reflectance of the wave 
travelling from medium Z to ZL is derived.  The case examined and the convention of positive 
directions is given in Figure II.1.   
 
 
Figure II.1 Boundary reflection at normal incidence for a dielectric.  The effect of a 
change in medium on the reflection of the incident wave from medium Z to medium ZL, 
is considered in this section. 
 
From Gauss’s law and the modified version of Ampère’s law in their integral forms we have 
the following 
 
S
dE dl B d S
dt
⋅ = − ⋅∫ ∫
   
  (II.26) 
z
+H
Z
z=0
E+ Z L
incident wave
reflected
x
y
L
L
+H
transmitted
-E
E+
-H
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 f
S
DH dl J d S
t
 ∂
⋅ = − + ⋅ ∂ ∫ ∫

   
  (II.27) 
For dielectric media this requires the electric and magnetic fields to be continuous across a 
boundary [2].  Considering the two dielectric media to be infinitely thick and the waves to be 
travelling perpendicular to the interface then in order to satisfy the condition that the electric 
and magnetic fields are continuous across the boundary, where z=0, we have: 
 (0) (0) (0)LE E E+ − ++ =  (II.28) 
 (0) (0) (0)LH H H+ − +− =  (II.29) 
Where (0)E+  is the incident, (0)E−  is the reflected and (0)LE+  is the transmitted electric 
field.  The same is true for the magnetic field with the exception of a minus sign coming as a 
result of the signage convention used in Figure II.1. 
Substituting Equation(II.25) for the terms in Equation(II.29) at z=0 we get 
 
1 1 1(0) (0) (0)L
L
E E E
Z Z Z
+ − +
− =  (II.30) 
Solving Equations (II.28) and (II.30) simultaneously for 
(0)
(0)
E
E
−
+
, which is defined as the 
reflection coefficient Γ, we obtain the following relationship for the reflection coefficient of 
an electromagnetic wave at normal incidence to a single boundary between two media 
 
(0)
(0)
L
L
Z ZE
E Z Z
−
+
−
= = Γ
+
 (II.31) 
 
 
 
2.4 Thin film reflection 
 
We now consider the reflectance of a thin film at normal incidence such as in Figure II.2 for 
a linearly polarised wave. 
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Figure II.2 Wave at normal incidence to a dielectric thin film.  The reflection of a 
wave incident on a dielectric thin film is considered in this section. 
 
Let us first examine the boundary conditions at the layer substrate interface where z=0.  
From (II.22) and (II.23) we know that the electric and magnetic fields are related to each 
other by wave impedance which is a property inherent to the material that the wave is 
travelling through.  From (II.28) and (II.29) we also have the boundary conditions across a 
boundary of two dielectric media and so we can state the following 
 (0) (0) (0)xE E E+ −= +  (II.32) 
 
1 1(0) (0) (0)y
L L
H E E
Z Z
+ −
= −  (II.33) 
Rearranging the two boundary conditions at z=0 we have 
 (0) (0) (0)xE E E+ −= −  (II.34) 
 (0) (0) (0)L yE E Z H− += −  (II.35) 
Substituting Equation(II.35) into (II.32) and Equation(II.34) into (II.33) we obtain the 
expressions for the electric field components travelling in the positive and negative z 
directions respectively as functions of the net electric and magnetic fields at z=0. 
 
1(0) ( (0) (0))
2 x L y
E E Z H+ = +  (II.36) 
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1(0) ( (0) (0))
2 x L y
E E Z H− = −  (II.37) 
If we now take into account the propagation of these two electric fields travelling in opposite 
z directions independently of each other through the layer medium ZL we can establish their 
values at the interface of the ambient and layer media, Z and ZL respectively, that is when z=-
d 
 
1( ) (0) ( (0) (0))
2
d d
x L yE d E e E Z H e
γ γ+ +
− = = +  (II.38) 
 
1( ) (0) ( (0) (0))
2
d d
x L yE d E e E Z H e
γ γ− − − −
− = = −  (II.39) 
Similarly for the magnetic field at z=-d we get the following by using the definition of 
impedance from Equation (II.22) 
 
(0) 1( ) (0) ( (0) / (0))
2
d d d
x L y
L
EH d H e e E Z H e
Z
γ γ γ
+
+ +
− = = = +  (II.40) 
 
(0) 1( ) (0) ( (0) / (0))
2
d d d
x L y
L
EH d H e e E Z H e
Z
γ γ γ
−
− − − − −
−− = = =  (II.41) 
Since the total electric field at z=-d will be the addition of the electric fields travelling in 
opposite directions at z=-d as in Equations (II.38) and (II.39) we now have the total electric 
field at z=-d 
 
( ) ( )( ) ( ) ( ) (0) (0)
2 2
d d d d
x x L y
e e e eE d E d E d E Z H
γ γ γ γ− −
+ − + −
− = − + − = +  (II.42) 
Similarly for the total magnetic field at z=-d the following is true 
 
( ) ( )( ) ( ) ( ) (0) / ) (0)
2 2
d d d d
y x L y
e e e eH d H d H d E Z H
γ γ γ γ− −
+ − − +
− = − − − = +  (II.43) 
We can also write Equations (II.42) and (II.43) in matrix form. 
 
( ) (0)cosh( ) sinh( )
( ) (0)sinh( ) / cosh( )
x xL
y yL
E d Ed Z d
H d Hd Z d
γ γ
γ γ
−    
=    
−     
 (II.44) 
By normalising the electric and magnetic fields at the front interface by dividing through by 
the electric field at the back interface we obtain what is known as the characteristic matrix of 
the assembly,
B
C
 
 
 
 [3]. 
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( ) / (0) 1cosh( ) sinh( )
( ) / (0) 1 /sinh( ) / cosh( )
x x L
y x SL
E d E d Z dB
H d E Zd Z dC
γ γ
γ γ
−     
= =     
−       
 (II.45) 
Defining the impedance that the electromagnetic wave sees at the ambient medium/optical 
coating interface as the input optical impedance 
 
( )
( )
x
in
y
E d BZ
H d C
−
= =
−
 (II.46) 
Then the reflectance coefficient of the interface in the wave travelling from the ambient 
medium Z into the layer/substrate system is calculated from Equation (II.31) 
 in
in
Z Z
Z Z
−Γ =
+
 (II.47) 
This result can be extended to a multilayer optical coating by repeating the process at 
successive interfaces; the end result is the characteristic matrix of an assembly of q layers 
 
1
1cosh( ) sinh( )
1/sinh( ) / cosh( )
q
L
L SL
d Z dB
Zd Z dC
γ γ
γ γ
=
      
=     
       
∏  (II.48) 
The characteristic matrix method of Equation (II.48) forms the basis of software simulations 
used to calculate the reflectance of a given optical coating design.  These simulations are 
performed throughout this thesis. 
 
 
 
2.5 Continuous change of medium 
 
The characteristic matrix method described by Equation (II.48) is perfectly sufficient in 
predicting the reflectance of a given multilayer design.  However, it is limited, in determining 
the optimal optical coating design to mathematical optimisation methods and the experience 
of the optical engineer.  Knowing the optical medium required both as a function of Z (wave 
impedance) and the overall desired spectral response of the optical coating, would allow for 
better optical coating designs.  In an attempt to illustrate the challenges of such a design 
method we consider what effect an incremental change in Z of the medium has on 
reflectance. 
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Using the definition of the reflection coefficient for the incoming wave as in the case of 
Figure II.1 where the wave initially experiences Z and then ZL (i.e. change in medium). 
 L
L
Z ZE
E Z Z
−
+
−Γ = =
+
 (II.49) 
The input impedance of the above system (medium and the change in medium) is, using 
Equations(II.20), (II.25) and (II.49). 
 ( ) ( )( )
( )
( )
z z
in z z
E e eE z
Z z Z
H z E e e
γ γ
γ γ
+ −
+ −
+ Γ
= =
− Γ
 (II.50) 
 ( )
2
2
1
1
z
in z
eZ z Z
e
γ
γ
 + Γ
=  
− Γ 
 (II.51) 
The normalized input impedance is 
 ( ) ( )
2
2 2
2 2
2
1
1
zL
z z
in L L L
in z z
zL L L
L
Z Z
e
Z z Z Z Z Z Z e ZeZ z Z ZZ Z Z Z e Ze
e
Z Z
γ
γ γ
γ γ
γ
−
+
+ + + −
= = =
− + − +
−
+
 (II.52) 
 ( ) ( ) ( )( ) ( )
( ) ( )
( ) ( )
cosh sinh
cosh sinh
z z z z
L L
in
z z z z
LL
Z e e Z e e Z z Z z
Z z
Z z Z zZ e e Z e e
γ γ γ γ
γ γ γ γ
γ γ
γ γ
− −
− −
+ − −
−
= =
−+ − −
 (II.53) 
 ( ) ( )( )
tanh
tanh
L
in
L
Z Z z
Z z
Z Z z
γ
γ
−
=
−
 (II.54) 
putting in lz −=  and substituting iγ β=  we get 
 ( ) ( )( )
tan
tan
L
in
L
Z iZ l
Z z
Z iZ l
β
β
+
=
+
 (II.55) 
If we let Zin be the input impedance at z and Zin+∆Zin be the input impedance at z+∆z then we 
have the following 
 
( )
( ) ( )
tan
tan
in in
in
in in
Z Z iZ z
Z Z
Z i Z Z z
β
β
 + ∆ + ∆
=   + + ∆ ∆ 
 (II.56) 
Applying the following approximations to Equation(II.56); tanθ θ≈  for small θ, ignoring the 
products of differential terms and using a power expansion to make the approximation 
1 1
1
x
x
≈ −
+
 for small x where in
Z
x i z
Z
β= ∆  in this case. 
Therefore 
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( )
( )
2
1
1
in in
in
in in
in in
in
in
in in
in
in in
Z Z iZ zZ Z
Z i Z Z z
Z Z iZ z
Zi z
Z
ZZ Z iZ z i z
Z
ZZ Z iZ z i z
Z
β
β
β
β
β β
β β
 + ∆ + ∆
≈   + + ∆ ∆ 
+ ∆ + ∆
≈
+ ∆
 
≈ + ∆ + ∆ − ∆ 
 
≈ + ∆ + ∆ − ∆
 
We have the following 
 
2
in
in in in
ZZ Z Z iZ z i z
Z
β β= + ∆ + ∆ − ∆  (II.57) 
Rearranging Equation(II.57) we obtain 
 ( )
2
in
in in in
ZZ Z Z i Z z
Z
β  + ∆ − = − ∆ 
 
 (II.58) 
Taking the limit of the rearranged form of Equation(II.58) we obtain 
 
( ) 2
0
lim in in in in in
z
Z Z Z dZ Zi Z
z dz Z
β
∆ →
+ ∆ −  
= = − ∆  
 (II.59) 
since 
 
1
1in
Z Z+ Γ =  
− Γ 
 (II.60) 
then 
 
( ) ( )
( ) ( )2 2
1 11 1 2
1 11 1
in
d d
dZ dZ dZ Z ddz dzZ
dz dz dz dz
Γ Γ 
− Γ + + Γ   + Γ + Γ Γ   
 = + = +      
− Γ − Γ   − Γ − Γ   
 
 (II.61) 
combining Equation(II.59) and (II.61), substituting (II.60) into (II.59) and replacing 
1 dZZ
dz
−
 
by 
( )lnd Z
dz
, we end up with 
 ( ) ( )2 ln12 12
d Zd i
dz dz
βΓ = Γ − − Γ  (II.62) 
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This is a Riccati equation that mathematically represents the reflectance coefficient of an 
electromagnetic wave propagating in the z direction through a medium which is varying as a 
function of z. 
 
 
Figure II.3 The diagram of an electromagnetic wave travelling through a 1 
dimensionally varying medium. 
 
 
 
2.6 Gradient index designs 
 
2.6.1  An approximation to the Riccati equation 
 
Since the Riccati equation is a second order non-linear equation, analytical solutions are 
impractical for most desired spectral responses, there is a need to consider approximations 
to the Riccati equation.  Hosung Chang et al. showed that the Fourier method approach 
discussed in section 2.6.2 can be derived from the Riccati equation [45].  The derivation of 
the Fourier method approach is not included here due to the many variations of the method 
that depend on the desired spectral response, as outlined in section 2.6.2. 
x
z
y
E
H
x
y
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2.6.2 Use of the Fourier method 
 
The Fourier method approach relies on considering reflection caused by discontinuity in the 
wave impedance as a function of optical thickness.  Performing a Fourier transform from the 
optical thickness to the optical frequency domain, one obtains the approximate spectral 
response of the optical coating design. 
The commonly used way for finding the optimal theoretical designs for coatings without 
refractive index discontinuities, known as ‘gradient index’ or ‘rugate’ designs, is through the 
use of the Fourier method approach shown in Equation (II.63).  It has been shown that the 
Fourier method can be used to find approximate solutions for optimal rugate coatings [12, 
14, 15, 17, 46-48].  An alternate derivation of the Fourier method approach from Maxwell’s 
equations was performed by Bovard [49]. 
 0
( , )( ) ikxi Q T kn x n exp e dk
kpi
∞
−
−∞
  
=  
  
∫  (II.63) 
This is the Fourier method equation [50] where 
n0=reference refractive index 
n(x)=refractive index as a function of the optical thickness 
x=twice the optical thickness=
0
2 ( )
z
n u du∫  
z=thickness 
k=wavenumber=
2pi
λ  
Q(T, k) is defined later in the section
 
 
The advantage of this technique is that this Fourier method process is reversible, enabling 
optical engineers to calculate optical coating designs from complicated spectral responses 
[46].  A major drawback of this approach is that multiple internal reflections are not taken 
into account.  This has led to various forms of this Fourier method approach being developed 
depending on the type of optical coating spectral response that is required. 
In order to compensate for the neglect of multiple internal reflections in calculating the 
reflectance of rugate coatings, there are several approximations for the value of the Q 
function depending on the desired ideal type of spectral response of the coating.  These have 
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been derived and refined over time based on a mixture of theory and experience [50].  Some 
of these are listed here 
 1 1
2
1| | 1 (1 ) 1
Q R
RQ
T
Q T
T
Q w T w
T
=
=
 
= − 
 
= − + − −
 
Where 
R=reflectance= | |∗Γ⋅Γ  
T=transmittance 
w=weighted index 
 
The validity of these approximations, however, rests entirely with the ideal desired spectral 
response.  Some of these Q functions were determined in an indirect way, whereas others 
came about as a result of different approximations in the theory.  This reinforces the 
importance of selecting the Q function appropriate to the desired spectral response when 
using this method. 
 
 
 
2.7 Summary 
 
The solutions to the reflectance for the simple case of a boundary and the more complex case 
of a multilayer optical coating have been derived from Maxwell’s equations.  The current 
method for finding the optimal gradient index optical coating design from a given desired 
reflectance profile together with some of the limitations have also been explored. 
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Chapter III  
 
 
Experimental Methods 
 
 
 
 
This chapter presents a summary of the experimental methods that have been 
used in this thesis.  It includes a quick overview of the analysis techniques and 
the most popular techniques for the deposition of optical coatings.  The chapter 
concludes with a comparison of several of these techniques for the preparation 
of Al2O3 and TiO2 coatings. 
 
 
 
3.1 Analysis Techniques 
 
 
3.1.1  Optical 
 
An essential component of this thesis is the evaluation of the optical properties of coatings. 
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3.1.1.1 Reflectometry 
 
The spectral response of samples was tested using two separate instruments.  Angled 
reflection was carried out on the SOPRA GESP5 UV-VIS, while the near incidence reflection 
and transmission were measured using the Varian CARY 5E UV-VIS-NIR 
Spectrophotometer.  These measurements were used to examine the effect that the coatings 
had on the reflectance and transmission of the substrates examined. 
 
3.1.1.2 Ellipsometry 
 
Variable Angle Spectroscopic Ellipsometry (VASE) was used to determine the optical 
characteristics of the thin films.  For VASE the SOPRA GESP5TM UV-VIS as well as the 
Woollam VASEllipsometerTM FQTH-100 were employed.  Analysis methods are discussed in 
section 3.1.4.2. 
 
 
3.1.2  Microscopy 
 
In order to investigate the morphology and microstructure of the coatings two types of 
microscopy were employed. 
 
3.1.2.1 Atomic Force Microscopy 
 
The surface morphology of deposited thin films was imaged using Atomic Force Microscopy 
(AFM).  The tapping mode was used on a Dimension 3100TM Atomic Force Microscope.  In 
addition to providing the contours of the surface, AFM was also used to quantify the Root 
Mean Square (RMS) roughness of deposited thin films. 
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3.1.2.2 Transmission Electron Microscopy 
 
Cross sectional Transmission Electron Microscopy (X-TEM) was used to examine the 
microstructure of deposited coatings.  Samples were prepared by mechanical polishing using 
a tripod polisher, followed by Ar ion beam thinning to electron transparency.  Details of the 
method used can be found elsewhere [51].  Microstructural observations were carried out in 
a JEOL 2010TM Transmission Electron Microscope operating at 200 kV.  This microscope 
also has the capacity to be used in the Scanning Transmission Electron Microscope (STEM) 
mode.  STEM mode enables rastering of the beam and is useful for generating maps or line 
scans of the elemental distributions in a sample. 
 
 
3.1.3  Spectroscopy 
 
3.1.3.1 Electron Energy Loss Spectroscopy 
 
To look at the low energy plasmon peaks excited in various thin films by the electron beam in 
the TEM, Electron Energy Loss Spectroscopy (EELS) was performed.  Spectra were collected 
using a Gatan Imaging FilterTM (GIF2001) attached to a JEOL 2010 TEM operating at 
200kV.  EELS was also used to examine the electron loss near edge structure (ELNES) of the 
Ti, Al and O edges for an assortment of samples.  ELNES provides information on the local 
bonding arrangements and therefore can be used to distinguish between different materials.  
From EELS line scans, where an electron beam is rastered across a X-TEM sample using 
STEM, it is also possible to determine the consistency of the optical properties of the thin 
film since each EELS spectrum is a measure of the dielectric response of the material [52]. 
 
3.1.3.2 X-ray Photoelectron Spectroscopy 
 
For the purposes of quantitatively determining the chemical compositions of deposited thin 
films, X-ray Photoelectron Spectroscopy (XPS) was used.  An Al unmonochromated X-ray 
source operating at a power of 300 W and 15 kV excitation voltage was used for the XPS 
analysis.  The sample was tilted such that the electron analyser normal to the sample surface 
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collected the escaping electrons.  The analysed area was approximately rectangular and of 
area 5 mm x 1 mm.  Al2O3 and TiO2 powder standards were used to calibrate the sensitivity 
factors prior to the measurements and the samples were sputtered in situ with argon (at a 
pressure of 0.2 µTorr) in order to purge the surface of carbon contaminants. 
 
3.1.3.3 Auger Electron Spectroscopy 
 
The primary reason for using Auger Electron Spectroscopy (AES) was to establish the 
consistency of the chemical compositions as a function of the depth in the coatings 
deposited.  Like the XPS, AES was also performed on the VG MicrolabTM 310F.  The sample 
was oriented perpendicular to the electron gun for the AES analysis.  An Ar ion beam, 
accelerated to 3kV and with a background Ar gas pressure of 0.2 µTorr, was used to sputter 
away the surface of the sample in between AES measurements thus revealing the elemental 
depth profiles of the coating being examined.  During the Ar beam sputtering the sample was 
rotated and the beam was rastered concentrically about the sample and the Auger spectra 
were taken with the electron beam rastering at a magnification of 4000. 
 
3.1.3.4 X-ray Absorption Near Edge Structure 
 
The Soft X-ray beamline at the Australian Synchrotron was used in order to investigate the 
X-ray Absorption Near Edge Structure (XANES) of some of the deposited thin films.  Similar 
to ELNES, XANES can be used to probe the local bonding arrangements in a sample.  The x-
rays were linearly polarised at 45º to the samples which were mounted onto a gold coated 
sample holder.  The energy of the x-rays was controlled using the Apple II Elliptically 
Polarised Undulator in conjunction with a complex system of mirrors and diffraction 
gratings.  XANES was examined by measuring drain current (effectively a measure of Total 
Electron Yield (TEY)), Fluorescence Yield (FY) and Auger Electron Yield (AEY).  The beam 
intensity was measured using a gold mesh for normalisation purposes (I0).  The small 
amount of oxidation on the gold mesh meant that when investigating the O K edge, the 
oxygen peak was removed from I0 by extra measurements of the beam intensities that were 
made using a photodiode placed in the path of the beam. 
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3.1.4  Software 
 
In order to analyse the experimental data several software packages were used. 
 
3.1.4.1 Composition analysis software 
 
The XPS and AES spectra were analysed using AvantageTM software.  By examining the peaks 
and using Shirley background subtraction, the areas under the peaks were used to quantify 
the percentage of each element present [51].  TiO2 and Al2O3 powder standards were used to 
determine the sensitivity factors for Ti and Al with respect to O for XPS.  The smaller size of 
the AES analysis area (4k magnification), makes the technique more prone to charging 
effects when examining dielectric crystals and the surface orientation itself affects the yield.  
For these two reasons AES sensitivity factors were determined indirectly, that is by matching 
the percentages obtained by XPS to those of AES in thin films verified to be Al2O3 and TiO2. 
 
3.1.4.2 Ellipsometry analysis software 
 
Methods of analysis of ellipsometric data are covered by Azzam and Bashara [53].  Data 
collected using the aforementioned ellipsometry equipment was analysed using WVASE32 
software from Woollam.  Simple Cauchy dispersion models were used to model the acquired 
ellipsometric angle Ψ and the phase difference ∆ of single layers of Al2O3 and TiO2 prepared 
by each of the 4 deposition methods that have been investigated.  Where required, an 
effective medium approximation method was used to investigate the blend of the constituent 
materials and the optical properties of the thin film that they made up. 
 
3.1.4.3 Optical modelling software 
 
Optical coating designs were made using methods described by R. Willey [54].  The optical 
properties of the thin films as determined by VASE were then input into FilmStarTM [55], 
software for optical thin film design whose calculations are based on theory described in 
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Chapter II section 2.4.  The broadband wavelength response of the optical design was then 
simulated and optimised using a variety of available optimisation algorithms. 
 
 
 
3.2 Deposition Systems 
 
There are many ways in which optical coatings can be deposited.  A selection of these 
techniques is described below. 
 
3.2.1  Electron beam evaporation 
 
Electron beam evaporation is very much like thermal evaporation.  As the name would 
suggest, the main difference is that the electron gun melts the target material unlike 
standard thermal evaporation where the boat that holds the evaporating material often 
introduces contamination into the deposition process due to sublimation. 
Due to the Langmuir distribution of the evaporated target material, deposition onto the 
substrate is non-uniform and there are a variety of ways in which the electron beam 
evaporation systems overcome this.  Some utilise a mask, or a specially designed aperture in 
a shutter in between the substrate surface and the evaporating material, that overcomes the 
problems of non-uniformity for a specific set of conditions.  Other systems such as the 
BALZERS BAK 600TM e-beam deposition system, used in this work, have the substrates 
themselves moving in a reverse planetary motion, where the substrate holder is rotating 
around the centre of the coating area and the substrate is rotating in a slower fashion around 
the substrate holder itself as in Figure 1.  This achieves uniform coating deposition of 
samples placed on the substrate holder. 
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Figure III.1 Schematic of a typical electron beam evaporation system in which the 
substrate holder is spinning in an inverse planetary motion to ensure thickness 
uniformity in the thin film deposited. 
 
The BALZERS BAK600TM deposition system would reach a base pressure of ~1.4x10-7 Torr 
before deposition.  Before the depositions were performed the electron beam was directed at 
the target materials of either TiO2 or Al2O3 crystal shards in order for the evaporation of the 
said materials to occur.  Crystal shards were used as targets because in the case of Al2O3 it 
was found that a powder target was insufficient for the depositions due to its flash like 
evaporation when hit by an intense electron beam.  The thickness of the layers was 
monitored using an in situ piezoelectric thickness monitor and high vacuum was maintained 
during deposition.  The deposition conditions at which aluminium and titanium oxide 
coatings were produced using electron beam deposition are given in Chapter IV section 
4.2.4. 
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3.2.2 Magnetron sputtering 
 
There is a multitude of different sputtering techniques available today.  From sputter 
cleaners to the production lines of the cylindrical pulsed magnetron sputtering, the 
sputtering phenomenon has been widely applied in science and technology.  This deposition 
technique has come a long way since Grove realised in 1852 that the cathode in the dc gas 
discharge tube was being sputtered by the ions in the gas discharge and being deposited on 
the inner walls of the chamber [56]. 
The energetic ions in the plasma hit the cathode target and, as is shown in Figure III.2, the 
cathode material is sputtered from the target surface and deposited onto the substrates 
below.  In a sputter coater, the electrons present in the plasma can quite significantly heat up 
the substrates, affecting the thin film growth conditions. 
Magnetron sputtering uses magnetic fields to confine the energetic secondary electrons to 
the cathode thus immensely reducing the heating of the substrate during the sputtering 
process.  This confinement results in the formation of dense plasma in the immediate 
vicinity of the cathode surface. 
 
cooling water 
power to
cathode
Ar ions
sputtered 
metal
O2
metal 
oxide
O2
Ar
vacuum 
pump
 
Figure III.2 Magnetron sputtering thin film deposition system is shown in this 
diagram.  The positively charged Ar ions collide with the surface of the cathode target 
sputtering material onto the substrate below.  The energetic secondary electrons are 
confined to the area around the target by magnetic fields maintained in order to 
prevent heating of the substrate. 
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The ‘Single target sputtering module model 8500 and Dynavac PU150/600S pumping 
system’ is a DC/RF magnetron sputter coater prepared for RMIT by the Materials Research 
Corporation (Orangeburg, New York) and Dynavac High Vacuum Pty. Ltd., (Burwood, 
Victoria).  For the purposes of this thesis, the magnetron sputter coater was used only in the 
DC mode of operation under conditions described in Chapter IV section 4.2.4. 
 
 
 
3.2.3 Filtered Cathodic Vacuum Arc 
 
The depositing species in electron-beam evaporation and sputtering are largely low energy 
neutrals which can produce low density films.  As a direct consequence, it is difficult to 
deposit layers that are void free and uniform.  In contrast, films deposited using the Filtered 
Cathodic Vacuum Arc (FCVA) [57] are formed using a highly ionized energetic plasma 
generated by a vacuum arc discharge.  The ionized species have well defined kinetic energies 
[58] which can be increased by applying a negative voltage to the substrate.  This control 
over the energy of the incident ions enables optimisation of the morphology and density of 
the film [59]. 
All the thin film FCVA depositions reported here were performed using a Nanofilm [60] 
custom made FCVA system, shown schematically in Figure III.3.  The main components of 
the system are the cathode, double-bend filter and the deposition chamber.  The source 
features a water-cooled rotating M60 threaded copper base which accepts a 70 mm diameter 
cathode (99.99% Al and 99.9% Ti).  The cathode is struck by a grounded mechanical striker 
to initiate the plasma.  An arc current of 110 A (and average arc power ~3kW) was found to 
be sufficient to produce a stable plasma for the Al and AlOx depositions.  As for the 
deposition of TiO2, an arc current of 120A (and average arc power ~4kW) was used.  The 
system has a double-bend magnetic filter [61] to prevent deposition of macroparticles onto 
the sample.  The deposition chamber features a retractable shutter on which an ion collector 
is mounted.  This ion collector provides a current signal which is used to assess the stability 
of the plasma before and during sample depositions.  The sample is mounted on a holder 
which slides onto an electrically isolated arm inside the chamber. 
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Figure III.3 Schematic of the Filtered Cathodic Vacuum Arc (FCVA) in the original 
configuration. 
 
A bias voltage may be applied via a high-voltage feedthrough located close to the arm.  The 
system was pumped down to a base pressure of approximately 10-6 Torr before depositions.  
The deposition conditions at which aluminium and titanium oxide coatings were produced 
are given in Chapter IV section 4.2.3, section 4.4.2 and Chapter VI section 6.2.1. 
 
3.2.4 Atomic Layer Deposition 
 
The processes involved in Atomic Layer Deposition have been covered in-depth by Suntola 
[62-65] and Ritala et al [66].  The main benefit of ALD is that the depositions are non-line of 
sight, allowing uniform deposition over complex surface features such as trenches, which can 
also be described as conformal deposition.  Depending on the chemical precursors used, it is 
sometimes also possible to deposit at relatively low temperatures. 
In Figure III.4 we see the different steps that are required in one complete cycle of a TiO2 
deposition.  Before the deposition, the substrates are water plasma treated to hydroxylate the 
surface of the material in order to increase the number of available OH sites to react with the 
sample holder
metal cathode
vacuum pump
shutter
V
charged 
metal ion Ar plasma
magnetic 
filter
gas inlet
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incoming titanium tetrachloride molecules.  In Figure III.4 (a) we see the titanium-tetra-
chloride molecules reacting with the OH sites to produce a hydrochloric acid by product as 
well as different types of surface ligands.  The maximum surface coverage by the ligands 
depends upon the number of available reaction sites and steric hindrance, which occurs 
when reaction sites are obstructed by other ligands [67]. 
When maximum coverage is achieved the physisorbed molecules and the hydrochloric acid 
by product are purged from the system by the nitrogen.  Once the surface has been purged, 
which can be verified by monitoring the sample with a balance, then the water vapour is 
introduced as shown in Figure III.4 (b).  The water reacts with the chemisorbed Ti ligands 
and once the excess is purged as shown in Figure III.4 (c) we have completed a single cycle in 
the formation of titania.  A true ALD process will always have a sub-monolayer film growth 
rate per cycle [67]. 
 
 
         (a)       (b)    (c) 
Figure III.4 Schematic of a complete ALD cycle for the deposition of TiO2.  (a) the 
TiCl4 reacts with the hydroxylated surface of the substrate and the physisorbed TiCl4 
material is purged away by the N2 gas.  (b)  the water vapour reacts with the 
chemisorbed Ti ligands. (c) the HCl byproduct and the unreacted H2O are purged away. 
 
ALD shows considerable promise for the synthesis of advanced broadband optical coatings 
which has been made limited use of in depositing standard multilayer designs due to its 
relatively slow deposition kinetics.  The non-line-of-sight capability of this technique 
produces film coverage on all surfaces exposed to the precursor gas flows.  In addition, ALD 
is a surface mediated process that permits precise control over the thickness of each coating 
layer, while maintaining uniformity and producing sharp interfaces between the layers.  
Another benefit of ALD is that, depending on the reaction kinetics, low temperature 
depositions are possible enabling the coating of temperature sensitive substrates.  There 
have been several reports of the use of ALD to prepare Al2O3 and TiO2 films [68-71].  Several 
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possible precursors can be used in the ALD process to produce Al2O3 and TiO2.  For example, 
TiO2 can be produced by the vapour phase reaction of TiCl4+H2O [68], while Al2O3 can be 
formed by the reaction between precursor couples Al(CH3)3+H2O [67] or AlCl3+H2O [69, 72].  
There is debate as to the best precursor to employ for optical applications, particularly when 
low deposition temperatures are used. 
Alumina and titania thin films were deposited on Si substrates using a flow type reactor 
(Microchemistry ALCVDTM-F120) at a reaction chamber temperature of 120ºC with nitrogen 
as the carrier gas.  Figure III.5 shows a schematic of this ALD system.  The appropriate 
carrier gas flows were chosen for the depositions with the primary flow set to 350sccm and 
the secondary 200sccm.  TiCl4, H2O and Al(CH3)3 precursors were used in the form of liquids 
at room temperature while the AlCl3 precursor was solid form at room temperature.  The 
vapour pressure of the solid AlCl3 was increased by raising its temperature to 90ºC and 
maintaining it throughout the deposition. Large enough purge times after the precursor 
pulses were used in order to remove the physisorbed species on the sample during the 
deposition process and the appropriate primary and secondary N2 flows were chosen. 
 
 
Figure III.5 Schematic of the Microchemistry ALCVDTM-F120 ALD system is shown.  
The N2 primary flow carries the precursor chemical to the reaction zone where the 
species reacts with the surface of the substrates before the excess and the physisorbed 
species are taken away from the reaction zone during the purging cycle.  The 
temperature was held constant throughout the deposition process. 
 
Further deposition conditions of coatings produced using ALD can be found in Chapter V 
sections 5.2.1, 5.4.2 as well as Chapter VI sections 6.3.1 and 6.4.3. 
 
  
Heating 
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Chapter IV  
 
 
Optical coating development using 
Filtered Cathodic Vacuum Arc 
 
 
 
 
The viability of the Filtered Cathodic Vacuum Arc (FCVA) for the deposition of 
optical coatings is explored in this chapter.  This is followed by an examination 
into the synthesis of multilayer optical coatings using this deposition 
technique.  In particular, an in-depth investigation of the design and 
development of an advanced antireflective dielectric/metal/dielectric coating is 
carried out.  Finally, the ability of the FCVA to deposit aluminium sub-oxide 
coatings is considered for the purposes of tailoring the optical properties of 
deposited thin film materials. 
 
 
 
4.1  Introduction 
 
This chapter investigates the feasibility of using FCVA to prepare Al2O3 and TiO2 based 
optical coatings. The advantage of FCVA over other Physical Vapour Deposition (PVD) 
techniques is that it produces films from fully ionised plasma. This plasma has sufficient 
energy to produce dense, high quality coatings at low substrate temperatures, potentially 
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enabling high quality optical coatings to be produced at room temperature.  This method is 
also environmentally clean and has the advantage of allowing various substrate biasing 
techniques to be employed to alter the energy of the depositing ion species in order to control 
microstructure and properties.  The high deposition rate that is achievable using FCVA [73] 
is an added benefit of this deposition technique over other methods in commercial 
applications where deposition time is a major consideration.  Anders et al. [74] have 
performed studies directly examining the advantages of using FCVA for the deposition of 
metal oxide thin films suitable for optical applications. 
Despite the potential advantages of FCVA, there have been few reports on the use of this 
technique for the synthesis of optical coating designs, particularly based on metal oxides.  An 
extensive review of the use of FCVA for the deposition of metal oxides, which included Al2O3 
and TiO2 films, has recently been carried out by B. K. Tay et al. [39].  The optical properties 
of aluminium oxide coatings as functions of substrate thermal and voltage biasing were 
examined in a separate study by B. K. Tay et al. [75].  Zhao et al. [76] investigated the optical 
properties of TiO2 thin films deposited by FCVA which they deduced from transmittance 
measurements.  Zhao et al. also investigated the effects of smaller variations in the oxygen 
pressures on the refractive index of aluminium oxide thin films at a single wavelength [77, 
78] and its mechanical properties [79].  While some aspects of the optical properties of 
titanium and aluminium oxides deposited using FCVA have been investigated, the focus of 
many previous studies has been on mechanical property advantages of thin films deposited 
using this technique.  To the author’s knowledge, the implementation of optical coating 
designs using FCVA has not been covered. 
In the first part of this chapter (section 4.2), the properties of Al2O3 and TiO2 films 
synthesised using FCVA are investigated.  In order to produce metal oxide films using FCVA, 
a metallic cathode is used and oxygen gas introduced during the deposition.  A major issue 
associated with using FCVA for the deposition of oxides is ‘cathode poisoning’.  This term is 
used to describe the gradual oxidation of the cathode surface during deposition, which can 
stop the arc from operating.  Therefore prior to the presentation of the main results, a way of 
minimising the effects of cathode poisoning is presented.  This is followed by an examination 
of the chemical composition, morphology and the optical properties of Al2O3 and TiO2 films 
prepared using FCVA.  The quality of these coatings is compared to those typically produced 
by the more conventional PVD methods of electron beam evaporation and magnetron 
sputtering [46, 80].  Also compared are bi-layers of Al2O3 and TiO2 produced using these 
methods. 
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This chapter then demonstrates the use of the FCVA for producing advanced multilayer 
optical coatings (section 4.3).  In particular, the synthesis of an antireflective Al2O3/Al/Al2O3 
trilayer film on silicon is investigated.  An optimum design was predicted using theory and 
the low reflectance coating was deposited and characterised.  This section takes advantage of 
the fact that the energy of the depositing species can be controlled using a substrate bias in 
FCVA in order to produce smooth Al layers of the desired thickness. 
Finally, the optical and bonding properties of aluminium sub-oxide coatings produced using 
FCVA have been investigated.  This is done in order to investigate the possibility of tailoring 
the optical properties of aluminium sub-oxide coatings by varying the amount of O2 used 
during their deposition. Aluminium sub-oxide films have the potential of being used in the 
production of advanced gradient index optoelectronic coatings.  This idea is taken up in 
Chapter VI. 
 
 
 
 
4.2  Deposition of single and bi-layer TiO2 and 
Al2O3 coatings 
 
 
 
4.2.1  Introduction 
 
Prior to the deposition of more complex optical coatings, this section examines the suitability 
of FCVA deposited Al2O3 and TiO2 for optical purposes.  Al2O3 and TiO2 films were prepared 
using FCVA and compared to those typically produced using the more conventional PVD 
techniques of electron beam evaporation and magnetron sputtering.   
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4.2.2  Experiment optimisation 
 
For the deposition of metal oxide, two types of gas are typically required.  Ar is used to 
stabilise the plasma while O2 is required to form the desired metal oxide.  The typical 
configuration of PVD systems (including FCVA) for the reactive deposition of coatings is to 
have the gas injection point located in the sample chamber as shown in Figure IV.1. 
However, using this configuration, it was found that the FCVA system would not run reliably 
for the deposition of metal oxides due to cathode poisoning and the build-up of brittle oxide 
layers on the cathode chamber walls.  It has been reported [39] that the location of the gas 
injection points (specimen chamber, filter or near the cathode) can affect both operation 
stability and the degree of mixing of the metal oxide plasma.  To alleviate this problem, a 
second gas inlet was positioned near the cathode as per Figure IV.1.  It was found that stable 
operation of the FCVA could be achieved when the Ar gas was connected directly to the gas 
inlet near the cathode whilst the O2 gas was connected to the gas inlet situated close to the 
substrate holder.  After this modification, multiple depositions of thick alumina and titania 
layers were performed without any significant cathode poisoning occurring.  Therefore the 
effect of this change in the gas inlet layout was to reduce the level of oxygen around the 
cathode. 
 
 
4.2.3  Chemical composition of single layers 
 
A series of Al2O3 and TiO2 films were deposited in order to find the optimum experimental 
conditions. Parameters which were varied include arc current and voltage, Ar and O2 flow 
rates, background gas pressure and substrate bias.  Shown in Table IV-1 are the conditions 
which gave rise to stoichiometric Al2O3 and TiO2 films as measured using X-ray 
Photoelectron Spectroscopy (XPS) (see Chapter III section 3.1.3.2). 
Table IV-1 Experimental conditions in the deposition of thin films using the Filtered 
Cathodic Vacuum Arc (FCVA) technique described in Chapter 3 section 3.2.3. 
 
Ar O2 Al Ti O
Al2O3 1.2 20 10 110 12.5 1.5 -200 ~9.1 42 - 58
TiO2 0.9 10 15 120 12.5 1.3 -50 ~22 - 33 67
Substrate 
bias (V)
Cathode 
current 
(A)
Double bend
filter current
(A)
Anode 
filter 
current (A)
Material Gas 
pressure 
(mTorr)
Mass flow
(mL/min)
XPS                                                          
relative composition (%)
Deposition 
rate 
(nm/min)
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Figure IV.1 Schematic of the Filtered Cathodic Vacuum Arc (FCVA) with the gas flow 
configuration that significantly alleviated the problem of cathode poisoning.  The 
redesigned gas injection system features an extra inlet at the cathode. 
 
 
4.2.4 Coating surface roughness 
 
For optical design purposes, scattering within thin films is highly undesirable as it leads to 
optical power losses and increased noise within a given device.  As it concerns the field of 
thin films, one of the causes of scattering is the roughness of the coating.  Figure IV.2 shows 
Atomic Force Microscopy (AFM) images of the (a) Al2O3 and (b) TiO2 films deposited using 
FCVA with the conditions shown in Table IV-1.  Also shown in Figure IV.2(c) is the AFM 
image of a Si wafer surface for purposes of comparison.  The average Root Mean Square 
(RMS) roughness of the films was found to be 0.7nm and 0.3nm for the Al2O3 and TiO2 films 
respectively. The RMS roughness stated for Si (0.1nm) is the result of the limited resolution 
of the AFM instrument used and should not be taken as a true measure of its roughness.   
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To determine how the FCVA films compare with films prepared using the more conventional 
PVD techniques of electron beam evaporation and magnetron sputtering, AFM was 
performed on Al2O3 and TiO2 single layer coatings deposited on silicon using these 
techniques.  Standard parameters previously tested to obtain stoichiometric films were used 
to prepare the coatings using electron beam evaporation and magnetron sputtering.  These 
conditions are shown in Table IV-2 and Table IV-3. Representative AFM images of these 
films are presented in Figure IV.3.  The averages of the RMS roughness values obtained from 
these samples are reported in the caption of this figure.  It was found that electron beam 
evaporation produced films significantly smoother than the films prepared using magnetron 
sputtering.  This difference may be due to the presence of larger macroparticles in the latter 
case, which deposit on the substrate due to the nature of the sputtering process. 
 
Table IV-2 Experimental conditions in the deposition of thin films using the electron 
beam evaporation technique described in Chapter III section 3.2.1. 
 
 
Table IV-3 Experimental conditions in the deposition of thin films using the DC 
reactive magnetron technique described in Chapter III section 3.2.2 
 
 
A comparison between the measured roughnesses of the FCVA deposited films (see Figure 
IV.2) and the films deposited using electron beam evaporation and magnetron sputtering 
(see Figure IV.3) reveals that the TiO2  film deposited using the FCVA technique under the 
experimental conditions set out in Table IV-1 produced coatings with roughness similar to  
that of electron beam evaporation.  However, FCVA deposited Al2O3 film was significantly 
rougher (0.7 nm) when compared with the corresponding film prepared using electron beam 
evaporation (0.3 nm).  This difference could be explained by the fact that a large substrate 
Al2O3 0.15 17.2 ~3
TiO2 0.13 17.2 ~6
Material Base 
pressure 
(µTorr)
Electron gun power
(% of maximum)
Deposition rate
(nm/min)
Ar O2
Al2O3 20.0 60% 40% 50 ~-240 1.16
TiO2 7.5 90% 10% 65 ~-390 1.25
ConcentrationMaterial Working 
pressure 
(mTorr)
Power (W) Cathode 
Voltage (V)
Deposition rate
(nm/min)
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bias of -200V was used for the preparation of the amorphous Al2O3 film which would have 
resulted in increased sputtering and roughening of the surface. 
 
 
(a) 
 
(b) 
 
(c) 
Figure IV.2 Atomic Force Microscopy (AFM) representative images in the case of the  
 
Filtered Cathodic Vacuum Arc – (a) Al2O3 and (b) TiO2 with RMS roughness of 0.7 nm 
and 0.3 nm respectively 
(c) The bare Silicon substrate is also pictured with RMS roughness 0.1 nm, depicting the 
limit of the AFM instrumentation 
 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure IV.3 Atomic force microscopy (AFM) was performed on single layer thin films 
of Al2O3 and TiO2 deposited on Si substrates using the following techniques: 
 
Electron beam evaporation – (a) Al2O3 and (b) TiO2 with RMS roughness of 0.3nm and 
0.3 nm respectively, 
Magnetron sputtering – (c) Al2O3 and (d) TiO2 with RMS roughness of 0.7nm and 0.7nm 
respectively. 
 
The deposition rates of the various methods for the preparation of Al2O3 and TiO2 films are 
shown in Table IV-2 and Table IV-3.  The FCVA method has a higher deposition rate 
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compared to the other methods.  This is an advantage of the FCVA that has been noted 
previously [74]. 
 
 
4.2.5  Optical characterisation of single layers 
 
The amorphous single layer thin films presented in section 4.2.3 were studied using Variable 
Angle Spectroscopic Ellipsometry (VASE).  The thickness of the native oxide layer present on 
the Si substrate was fitted to the data obtained from a reference Si substrate.  All the thin 
film fitting models subsequently used this thickness as the SiO2 interface between the thin 
film and bulk silicon. 
VASE was performed in the wavelength region between 400 and 1000nm.  The spectral 
energies used were not enough to excite the optical bandgap(s) of the materials.  This meant 
that ellipsometric models that included Kramers-Kronig consistency between the refractive 
index (n) and the extinction coefficient (k) could not effectively be used. 
All ellipsometric modelling and fitting was performed using analysis outlined in Chapter III 
section 3.1.4.2.  The Cauchy model was used to model the single layers deposited on the Si 
substrate with its native oxide layer.  The Cauchy model used is related to the optical 
constants of the material (n and k) through the following mathematical expressions: 
 2/n nn A B λ= +  (IV.1) 
 
1.24
expk k kk A B Cλ
  
= −  
  
 (IV.2) 
Where 
The band offset is held constant, that is Ck=3.1 
The wavelength value λ is given in µm 
 
As a first approximation the layer was assumed to be completely transparent so only the 
thickness along with the Cauchy parameters An and Bn were fitted for (higher order terms 
were not used).  Once a fit was established, fitting of the absorption coefficient was 
introduced in the form of the Ak and Bk parameters.  Once the best fit was arrived at as 
determined by the lowest Mean Square Error (MSE) obtainable, the thickness, An, Bn, Ak and 
Bk were all fitted to the model in order to get the individual parameter error values.  Table 
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IV-4 lists the Cauchy parameters whose values were determined by fitting the thin film 
models to the ellipsometric data.  An example of such a fit can be seen in Figure IV.4(a) and 
the resulting optical properties of the Al2O3 layer deposited on Si using FCVA are shown 
Figure IV.4(b) in terms of the refractive index (n) and the extinction coefficient (k). 
 
(a) 
 
(b) 
Figure IV.4 An example of the single Al2O3 layer deposited on silicon using Filtered 
Cathodic Vacuum Arc. (a) The Cauchy model fit to the ellipsometric parameters Ψ and 
∆. (b) The representation of the fitted Cauchy parameters in terms of the refractive 
index (n) and the extinction coefficient (k). 
 
There has been a wide range of optical properties reported for Al2O3 (1.5<n<1.8 at λ=500nm) 
[46, 81] and TiO2 (2.2<n<2.7 at λ=550nm) [81, 82] thin films depending on a variety of 
experimental techniques and parameters.  The optical properties represented by the Cauchy 
parameters obtained from the coatings produced by each of the deposition techniques shown 
in Table IV-4 are within this refractive index range previously reported for Al2O3 and TiO2.  
The coatings produced by FCVA exhibited a higher refractive index than those of electron 
beam or magnetron sputtering but a higher extinction coefficient, i.e. lower transparency, 
was determined for TiO2 thin films deposited under the experimental conditions outlined in 
section 4.2.3. 
At this point, a linear Effective Medium Approximation (EMA) layer was introduced which 
was composed of 50% of the previously fitted thin film material with a 50% void and they 
were mixed in a linear manner as in Figure IV.5.  Only the thickness of the underlying layer 
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and this newly introduced EMA layer, representing the interface between the layer and the 
surrounding air, were fitted.  Note that the material Cauchy parameters were not refitted 
during this process.  The resulting modelling fits to the ellipsometric data along with the 
thicknesses of the layer and its surface interface are given in Table IV-4.  In each of the layers 
where the EMA layer was of a non-zero thickness there was an improvement in the MSE 
which is also included in Table IV-4. 
 
 
Figure IV.5 A diagram of the optical model used while trying to establish a better fit to 
the ellipsometric data by introducing a layer of roughness.  The surface interface is 
modelled by an Effective Medium Approximation (EMA) layer composed of air and the 
layer material and its thickness is accounted for.  The thickness of the native oxide layer 
on Si is also included in the model. 
 
The purpose of this added EMA layer was to obtain a qualitative measure of the roughness 
for each of the individual layers through optical means in the manner of Mardare [83].  Table 
IV-4 lists the thicknesses of these EMA layers along with their roughness measured directly 
by AFM means. 
A comparison of the values reveals that the optically measured roughness does not 
correspond with the roughness measured using AFM.  The porosity of the deposited thin 
films which would have an effect on the measured refractive index using the Cauchy method 
has not been investigated.  It is thought that these porosity effects also impact the optical 
analysis of surface roughness which would explain the discrepancies between the EMA layer 
thickness and AFM RMS roughness values.  Another likely reason for the discrepancy 
between the measured roughness values is the possible condensation of water within the 
surface undulations of the thin layers which has not been taken into account in the 
modelling. 
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Table IV-4 Optical parameters of the single layer thin films deposited using different 
deposition techniques are tabled along with the roughness as determined by 
ellipsometry (EMA layer thickness) and Atomic Force Microscopy (AFM RMS 
roughness).  A measure of the error in the ellipsometry fittings is also provided (final 
MSE). 
 
 
 
4.2.6 Chemical composition of bilayer coatings 
 
In order to satisfy modern equipment specifications, many optical coatings require multiple 
layers of thin films.  Here we compare bilayer coatings deposited using FCVA with bilayer 
coatings deposited using electron beam evaporation and magnetron sputtering in the 
manner depicted by Figure IV.6. 
 
 
Figure IV.6 A diagram of the bi-layer coatings deposited on Si using different 
deposition techniques that have been investigated by elemental depth profiling seen in 
Figure IV.8. 
 
The composition of the deposited coatings were determined by examining their elemental 
depth profiles using Auger Electron Spectroscopy (AES).  The Auger spectra of the 
aluminium oxide and titanium oxide coatings deposited by the various deposition methods 
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are consistent with Auger electron spectra measured for Al2O3 and TiO2, respectively, 
presented elsewhere [84].  Moreover, area analysis of the Al K edge, the O K edge and the Ti 
L edges seen in Figure IV.7 provide us with the relative ratios of Al to O and Ti to O of the 
deposited thin films.  
The material composition for each of the four deposition methods studied in this work was 
investigated using AES elemental depth profiles.  The example Auger spectra seen in Figure 
IV.7 can be thought of simply as snapshots of the surface of the sample as it is sputtered 
through in stages.  From analysis of the relative area under the curve, the relative elemental 
percentages are obtained.  The ‘snapshots’ from Figure IV.7 are nothing other than points in 
the graph seen in Figure IV.8 (b).  The samples investigated for their elemental depth 
profiles consisted of silicon substrates on which titanium oxide and then aluminium oxide 
was deposited resulting in a bi-layer coating as in Figure IV.6. 
The difference in the Auger energies of the O K edges in the atoms bonded to Al and Ti atoms 
required the fitting of the Shirley type of background for the O K edge to vary according to 
the predominant type of bonding as in Figure IV.7. 
The surface roughness of the coating, the density of the material and deviations from the 
optimal gas pressures during the sputtering process (described in Chapter III section 3.1.3.3) 
all affect the quality of the resulting elemental depth profile.  This needs to be taken into 
account when viewing the results seen in Figure IV.8.  Despite the limitations of the 
technique, we can still make out the Al2O3 and TiO2 layer regions in the bi-layer samples 
produced by the 3 deposition techniques being investigated in this section.  However, in the 
case of electron beam evaporation (see Figure IV.8(b)), there appears to be significant inter-
mixing of the two layers as indicated by the poorly resolved TiO2 layer.  Inter-mixing 
between layers deposited by electron beam evaporation could be due to the porosity of the 
depositing layers or cross contamination of the depositing species.  Both the FCVA (see 
Figure IV.8(a)) and magnetron sputtering (see Figure IV.8(c)) techniques produces the best 
resolved bi-layers with sharp interfaces.  
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(a) 
 
(b) 
 
(c) 
Figure IV.7 Auger electron spectra of (a) Ti Lm2 and O Kl1 peaks in titanium oxide (b) 
O Kl1 peak in aluminium oxide and (c) Al Kl1 peak of aluminium oxide along with the 
Shirley background fits.  The Auger spectra shown here have been taken from the 
magnetron sputtered bi-layer whose elemental profile is shown in Figure IV.8(b). 
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Figure IV.8 Auger electron spectroscopy elemental depth profiles of bilayers that 
were deposited using (a) Filtered Cathodic Vacuum Arc (b) Electron beam evaporation 
and (c) DC reactive magnetron sputtering. 
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4.2.7  Summary 
 
Modifications of the gas injection points for the reliable deposition of metal oxide coatings 
using FCVA have been described.  The chemical composition, surface roughness and optical 
properties of single layer and bi-layer coatings produced using FCVA have been investigated 
and compared to those obtained through the use of more conventional PVD methods, 
namely electron beam evaporation and magnetron sputtering.  It was found that the FCVA 
technique produces Al2O3 and TiO2 single layer optical grade coatings at a higher deposition 
rate than those prepared using electron beam evaporation and magnetron sputtering. While 
the surface roughness of Al2O3 films prepared using FCVA were found to be higher than 
those obtained using electron beam evaporation, it was difficult to produce a high quality 
Al2O3 and TiO2 bi-layer coating using the latter technique. Overall, this section has 
demonstrated that the FCVA method can be used to produce optical coatings comparable to 
those obtained using electron beam evaporation and magnetron sputtering.   
 
 
 
 
 
4.3 Antireflective trilayer coatings deposited using 
Filtered Cathodic Vacuum Arc 
 
 
 
4.3.1  Introduction 
 
Antireflective coatings based on multiple layers of metals and metal-oxides are now a 
common choice in applications such as heat mirrors [85] and Schottky barrier photodiodes 
[86].  In these coatings, the thickness and morphology of the ultrathin metallic layer(s) is 
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crucial to their performance.  Frequently silver is chosen as the metallic layer [85, 87-90] 
since it can provide good transmittance in the visible spectrum and high reflectance in the 
infrared.  However, Ni [91], Au [92] and Al [87] have all been used as the metallic layer in 
multilayer optical coatings.  Forming thin (sub-10nm) metallic layers is problematic due to 
the tendency for island film growth to occur, particularly on dielectric layers.  Physical 
vapour deposition techniques such as electron-beam evaporation and sputtering are the 
most common methods for producing optical coatings (see section 4.2).  In these methods 
the depositing species are largely low energy neutrals which tend to produce low density 
films.  As a direct consequence, it is difficult to deposit sub-10nm metal layers that are void-
free and uniform.  In contrast, films deposited using the FCVA (see Chapter III section 3.2.3) 
are formed using a highly ionized plasma generated by a vacuum arc discharge.  The ionized 
species have a well defined kinetic energy of 40-120eV [58] which can be increased by 
applying a negative voltage to the substrate.  This control over the energy of the incident ions 
enables optimisation of the morphology and density of the film [59]. 
In this section the synthesis process for producing trilayer films using a FCVA is 
demonstrated.  The FCVA system was equipped with a single Al cathode source.  It is shown 
that high-performance antireflective coatings can be produced on silicon using Al2O3 and Al.  
Theory was used to predict the optimum design for an Al2O3/Al/Al2O3 trilayer low 
reflectance coating and then we have tested this theoretical prediction experimentally.  When 
depositing the sub-10nm Al layers, the substrate bias is used to control the incident energy of 
the Al ions and promote the growth of dense, ultra-flat films. 
 
 
4.3.2 Optical design and simulation 
 
Figure IV.9(a) shows the low reflectance Al2O3/Al/Al2O3 tri-layer which was designed using 
the FilmStarTM software package [55].  The constituent layer thicknesses were optimised to 
give the minimum average reflectance on Si, over the optical spectrum at perpendicular 
incidence.  Figure IV.9(b) shows the corresponding optical response as predicted by 
FilmStarTM.  The software package uses algorithms that assume the thin films have bulk 
properties and the effects of surface roughness cannot be modelled.  Simulations with the 
software (see Figure IV.9(b)) showed that the thickness of the ultrathin Al layer is crucial to 
the overall optical response of the tri-layer on Si.  The optical response of the tri-layer is less 
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affected by small changes (~10 nm) in the thickness of the Al2O3 layers.  Likewise, 
simulations showed that the native oxide on Si has a negligible effect on the optical response.  
 
 
 
(a) 
 
(b) 
Figure IV.9 (a) Diagram of the optimized black mirror design and (b) the theoretical 
reflectance in the optical range for the design (with Al thickness of 3.1nm) shown in 
Figure IV.9(a) as well as designs with Al layer thicknesses of 0 and 5nm. 
 
 
4.3.3 Synthesizing ultra-thin Al films 
 
The optimum design for the tri-layer coatings required an ultrathin, flat Al layer with a 
thickness of approximately 3 nm.  In addition to being thin, it is important that this layer be 
continuous and uniform and so the effect of substrate bias on surface morphology was 
investigated.  The growth morphology of ultra thin metal layers is dependent on the nature 
of the material being deposited on and depositing on dielectric substrates is likely to lead to 
island like growth.  In order to emulate the insulating properties of an Al2O3 layer, sub-10nm 
Al layers were deposited on substrates with a 500nm SiO2 layer on Si.  Figure IV.10 shows 
the AFM images of the ultrathin Al deposited on SiO2/Si wafers using the FCVA operated 
with different bias voltages.  At zero bias, the film (shown in Figure IV.10(a)) was roughest 
with clearly visible island growth.  At increased biases, the island morphology is reduced and 
the films were less rough.  The RMS roughness from the films shown in Figure IV.10 
decreases from 0.6 to 0.3 as the bias increases from 0 to -1000V.  At higher biases, it was 
found that large pits formed in the SiO2 layer during the depositions due to substrate 
charging and high voltage breakdown in the dielectric.  To prevent pitting and still produce 
relatively smooth ultra-thin films, the Al layers in the tri-layers were deposited with an 
applied substrate bias of -200 V. 
3.1nm   Al 
70 nm   Al2O3 
Silicon substrate 
130 nm   Al2O3 
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(a) 
 
(b) 
 
(c) 
Figure IV.10 AFM images of Al layers deposited on the SiO2/Si substrates. The RMS 
roughnesses were found to be (a) 0.56, (b) 0.38 and (c) 0.25 for substrate biases of 0, -
200 and -1000V respectively. 
 
Shown in Figure IV.11 is the X-ray Absorption Near Edge Structure (XANES) spectrum 
obtained from the sample in Figure IV.10(b).  The onset at 1560eV is that of Al metallic 
bonding and the unresolved peak at ~1566eV is due to Al atoms bonded with O with 
tetrahedral symmetry.  The spectrum is consistent with that of Al metal with surface 
oxidation [93].  Surface oxidation was taken into account when depositing the ultrathin Al 
metal layer in order to achieve a net Al thickness as close to that of the desired design. 
 
 
Figure IV.11 The normalised X-ray Absorption Near Edge Structure (XANES) 
spectrum of the Al K edge of the ultrathin Al coating from Figure IV.10(b) as deposited 
on a SiO2/Si substrate is shown.  
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4.3.4 Synthesizing low reflectance Al2O3/Al/Al2O3 optical 
coatings 
 
Cross-sectional Transmission Electron Microscopy (TEM) images of tri-layer samples 
prepared with Al layer thicknesses of 4, 6 and 9 nm with -200V substrate bias are shown in 
Figure IV.12 (see Chapter III section 3.1.2.2).  The Al layers can clearly be seen in each 
coating.  The top Al2O3 layer, which was deposited at the same time for all three samples, 
appears to be broken into two sub-layers with the upper-most layer exhibiting different 
contrast to the other layers of Al2O3.  This upper layer contained pores, particularly during 
the initial stages of growth.  This change in film morphology occurred at a break in the 
deposition process which may have caused the film to develop these pores.  An AES 
elemental depth profile taken through the sample shown in Figure IV.12(c) is shown in 
Figure IV.13.  This uppermost alumina layer was found to be slightly oxygen rich, consistent 
with the presence of porosity seen in the TEM image.  Possible water vapour condensation 
on the surface of the coating during the break in deposition could be the cause of the 
observed change in the morphology of the layer.  It was not possible to fully resolve the Al 
layer in the AES depth profile due to limitations of the sputtering technique.   
 
(a) (b) (c) 
Figure IV.12 Cross-sectional TEM images of the tri-layer samples with nominal Al 
thickness of (a) 4 nm, (b) 6 nm and (c) 9 nm deposited with -200V substrate bias. The 
pause in deposition in the capping alumina layer is indicated by an arrow. 
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Figure IV.13 Auger Electron Spectroscopy (AES) elemental depth profile of the sample 
shown in Figure IV.12(c). The arrow indicates the approximate depth where the break 
occurred during the deposition of the capping alumina layer. 
 
Figure IV.14(a) shows a scanning TEM image of the sample shown in Figure IV.12(c).  An 
Electron Energy Loss Spectroscopy (EELS) line scan was collected along the line indicated in 
this image (see Chapter III section 3.1.3.1).  Figure IV.14(b) shows example low loss EELS 
spectra at the locations indicated along the line.  The spectrum from point A shows a typical 
plasmon peak from carbon which is produced by the glue used during sample preparation.  
The spectra from the alumina layers (points B and D) show a single broad plasmon peak 
centred at 24eV which compares well to previously published data for Al2O3 [94].  The 
similarity between the spectra for the two alumina layers indicates that the dielectric 
response of both layers is similar since the low loss EELS is a measure of the dielectric 
response of the material [52].  This result indicates that the porosity and slightly higher 
oxygen content present in the upper-most alumina layer may not affect its optical properties 
greatly.  The EELS spectrum for the Al layer (point C) is clearly different to that of the 
alumina and shows the sharp plasmon pair at 15eV expected from metallic Al [94].  Point E 
shows the low loss EELS from the Si substrate.  The signal-to-noise ratio in the plasmon 
spectra deteriorated as the thickness of the TEM specimen increased from the surface to the 
Si substrate. 
 
↓ 
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Figure IV.14 A Scanning TEM dark field image of the sample from Figure IV.12(c).  
Also shown are the EELS spectra in different regions of the sample that correspond to 
those shown in the TEM image along the linescan.  Point A: glue from sample 
preparation, Point B:  Aluminium oxide layer, Point C: Al layer, Point D: Aluminium 
oxide layer, Point E: Si substrate. 
 
Figure IV.15 shows the reflectance of the tri-layer samples with nominal Al thicknesses of 4, 
6 and 9 nm.  The sample with a deposited Al layer of 6 nm thickness was found to have the 
lowest reflectance over the measured range.  The tri-layer with a nominally 4 nm thick Al 
layer exhibited similar reflectance characteristics to those of pure Al2O3 (see Figure IV.9(b)), 
suggesting that the Al layer in this sample was completely oxidised.  There is good agreement 
between the response from the sample with a deposited 6 nm Al layer and the simulation of 
the optimised Al layer thickness of 3 nm.  Partial oxidation of the deposited 6 nm Al layer 
was expected [95] and verified using XANES and our results indicate that the ultimate Al 
layer thickness is approximately 3 nm in this sample.  The native oxide on Si which has been 
omitted from the simulation in Figure IV.15 had a negligible effect on the simulated optical 
response.  The greatest discrepancy in the measured and simulated responses for this sample 
was in the infrared region where the sample exhibited significantly lower reflectance than the 
simulation.  The reflectance from the tri-layer with the thickest Al layer (9 nm) showed 
decreased reflectance consistent with the optical response for a thicker Al layer, shown in 
Figure IV.9(b). 
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Figure IV.15 Reflectance measured at 40 degrees for tri-layer coatings with the Al 
layer thickness indicated.  The simulated reflectance at 40 degrees for a tri-layer 
coating with an Al film thickness of 3.1nm is shown for comparison. 
 
 
4.3.5 Summary 
 
We investigated the formation of tri-layer Al2O3/Al/Al2O3 optical coatings using a FCVA 
deposition system.  The optimum conditions for growth of the Al layer required by the design 
were determined.  It was found that a substrate bias of -200V enabled the production of 
continuous, flat 3 nm Al layers which were required to produce the highest performing anti-
reflective coatings.  A close match between the experimentally measured and theoretical 
calculated reflectance was found for the coating containing an Al layer deposited with a 
nominal thickness of 6 nm (higher than the value of 3 nm obtained from the simulation).  
This discrepancy was explained by the partial oxidation of the 6 nm Al layer. 
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4.4  Aluminium sub-oxide coatings 
 
 
 
4.4.1  Introduction 
 
For the majority of optical applications attaining the most transparent coatings is desired in 
order to minimise the losses that come about from the absorption within a material.  
However, there are times when other properties such as the electrical conductivity of a 
coating are important and there is a trade-off made as the case of Al doped ZnO shows [96, 
97].  Al doping is being used for improving the electrical conductivity of antireflective 
coatings made for silicon solar cells [97].  This case shows the importance of being able to 
tailor all aspects of the properties of optical coatings. 
This section examines the optical and bonding properties of aluminium sub-oxide coatings 
for a range of experimental conditions used during depositions with the FCVA technique.  
Studies of aluminium oxide thin films deposited using FCVA have been reported previously 
by Zhao et al. who has investigated the relationship between variations in oxygen flow and 
the structural properties of the coatings [77, 79].  Optical properties of the aluminium oxide 
thin films at a single wavelength were deduced from reflectance and transmission 
measurements by Zhao et al. [77].  The relationship between AlOx thin film composition and 
their optical properties are explored here and the coatings are characterised for their 
chemical bonding, local bonding environment and their optical properties using X-ray 
Photoelectron Spectroscopy (XPS), X-ray Absorption Near Edge Structure (XANES) spectra 
produced using a synchrotron source and Variable Angle Spectroscopic Ellipsometry (VASE) 
respectively. 
 
 
4.4.2  Chemical composition 
 
X-ray photoelectron spectroscopy (XPS) was used to determine the composition of Al2O3 
films prepared using different Ar and O2 flow rates.  The deposition conditions along with 
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the measured compositions are shown in Table IV-5.  Figure IV.16 shows the Al2p3 XPS 
peak for samples prepared with flow rates of (a) 20mL/min Ar & 10mL/min O2, (b) 
30mL/min Ar & 15mL/min O2, (c) 30mL/min Ar & 30mL/min O2 and (d) 5mL/min Ar & 
2mL/min O2.  The major feature is a peak at approximately 75 eV which corresponds to 
aluminium-oxygen bonding consistent with Al2O3 [84].  Also evident in Figure IV.16 (b-d) is 
a small peak at approximately 71.5 eV which corresponds to the binding energy expected for 
aluminium-aluminium bonding in aluminium metal [84]. The height of this metallic peak 
increases with increasing aluminium content and indicates the presence of Al metal clusters 
within the sub stoichiometric alumina thin films. 
 
Table IV-5 Deposition conditions and the compositions of the AlOx coatings as 
measured by XPS. 
 
 
 
 
4.4.3  X-ray Absorption Near Edge Structure  
 
X-ray absorption spectroscopy was also performed on the alumina samples at the Australian 
Synchrotron soft x-ray beam line. Of particular interest were the effects of possible Al metal 
inclusions on the electron transition states from the Al K shell (i.e. the Al 1s orbital).  A 
method for quantitative estimation of the bonding type ratios in amorphous alumina using 
XANES has been pursued by a number of groups [98-100] and a peak area fitting method 
developed by Shimizu, Kato et al. is applied here. 
Ar (mL/min) O2 (mL/min) Al (atomic %) O (atomic %)
20 20 41 59
20 10 42 58
30 15 42 58
30 30 43 57
5 2 47 53
Gas flows Composition (XPS)
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Figure IV.16 XPS spectra of the AlOx films prepared with flow rates of (a) 20mL/min 
Ar & 10mL/min O2, (b) 30mL/min Ar & 15mL/min O2, (c) 30mL/min Ar & 30mL/min O2 
and (d) 5mL/min Ar & 2mL/min O2. The major Al2p3 peak at 75 eV is indicative of Al2O3.  
Also note the peak at approximately 71.5 eV is (b) to (d) resulting from Al metal 
bonding. 
 
XANES spectra are interpreted as shape resonances which reveal the electronic structure 
surrounding the element being investigated.  Differences in the local bonding symmetries are 
revealed by the electronic structure.  Different bonding symmetries discussed throughout 
this work are shown in Figure IV.17 for reference. 
Figure IV.18 show the normalised XANES Al 1s peaks of the collected drain current (a direct 
measure of the Total Electron Yield (TEY)) for several of the coatings.  The energies were 
calibrated using the principal edge of the ultrathin Al sample from section 4.3.3 (see Figure 
IV.11) and correcting it to the widely accepted Al metal edge value of 1560eV [93].  The 
principal edge position was determined by the peak in the derivative of the spectra. 
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(a) 
 
(b) 
 
(c) 
Figure IV.17 Different bonding symmetries are shown (a) octahedral with the 
distortion being representative of anatase TiO2 [101].  (b) tetrahedral and (c) trigonal. 
 
Shimizu et al. reported on a specific technique for the quantification of Al co-ordinations in 
alumina [100].  This technique is employed here and the fitting peaks used were also a mix of 
Gaussian and Lorentzian fitting peaks (in our case they had weightings of 70 and 30% 
respectively).  The XANES spectra were fitted using a simulated spectrum which is composed 
of two sets of these mixed Gaussian-Lorentzian peaks together with the corresponding 
Boltzmann distribution functions as well as a third mixed Gaussian-Lorentzian function. The 
results are shown in Figure IV.18.   
The energy of the first peak was found to occur at 1565.9eV and corresponds to the reported 
values for tetrahedral aluminium bonding which has been reported to range from 1565.6 to 
1566.2 [100].  The second fitted peak was found to occur at an energy of 1568eV and its area 
is negligible in the near-stoichiometric samples, however, its contribution becomes 
significant with increasing Al content in the films. The energy of the second fitted peak 
corresponds to the distorted octahedral aluminium bonding peaks of 1568eV found 
previously [98].  The third peak has been attributed to multiple scattering events [99] and as 
such it is disregarded in this examination. The area of the peak at 1568eV is seen to be larger 
for the samples that are further away from Al2O3 stoichiometry, indicating that the samples 
with the larger Al atomic composition are more likely to bond with the O atoms in an 
octahedral fashion than stoichiometric Al2O3 coatings as deposited by the FCVA. 
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Figure IV.18 The X-ray Absorption Near Edge Structure (XANES) spectra along with 
the peak fittings are shown here.  The aluminium oxide coatings deposited on Si are 
those with stoichiometries of (a) Al42O58 (b) Al42O58 (c) Al43O58 (d) Al47O53 as determined 
by XPS.  Points A and B highlight the presence of additional types of bonding. 
 
For the sample with the highest Al content (see Figure IV.18(d)) there is clear deviation from 
the simulated XANES spectrum which strongly suggests the presence of additional types of 
Al bonding in the thin films.  Deviations of the pre-edge feature highlighted by point A has 
previously been reported for XANES performed on and attributed to the presence of three 
co-ordinate aluminium bonding with oxygen within Zeolites [102].  Another feature (labelled 
B) clearly visible in the Figure IV.18(d) is the feature at 1560eV that corresponds to the Al 
metal bonding principal edge offset. 
These XANES findings are in agreement with the XPS findings (see Table IV-6) and 
moreover, the additional types of Al to O bonding types explain the broadening of the Al2p 
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peaks in the primary fitted peaks seen in Figure IV.16 of the XPS spectra with increasing Al 
content. 
 
 
4.4.4  Optical properties 
 
Optical properties of composite materials can often be deduced by applying different types of 
Effective Medium Approximation (EMA) in ellipsometry modelling.  For the case of 
aluminium sub-oxide thin films, neither the Cauchy model which assumes a dielectric nor a 
Drude model which assumes a metal material applies.  The optical properties of aluminium 
sub-oxide coatings are instead modelled by using a Bruggeman EMA where the constituent 
materials are Al2O3 [103] and Al metal [104]. 
Figure IV.19(a) shows the tan(Ψ) and cos(∆) measured ellipsometric data for an AlOx with a 
composition of 43 at% Al according to XPS measurements.  Also shown in Figure IV.19(a) is 
the resulting fit assuming the Bruggeman effective medium approximation theory with Al2O3 
and Al metal as the constituent materials.  The percentage of Al metal within the samples 
was determined from this fit to be 1.5%.  The corresponding optical characteristics for this 
sample plus several others from Figure IV.19(a) are shown in Figure IV.19(b).  The 
concentration of Al metal within the Al2O3 as determined by the Bruggeman model agreed 
well with the atomic compositions obtained using XPS (see Table IV-6). 
The optical constants of AlOx as determined by the Bruggeman EMA model at a wavelength 
of 500nm are pictured in Figure IV.20.  The metal inclusions in the Al2O3 caused increased 
absorption in the optical spectra and an increase in the refractive indices.  This can be clearly 
seen by looking at the effective optical constants of the AlOx thin films as a function of Al 
metal inclusion.   
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(b) (a) 
Figure IV.19 (a) Tan(Ψ) and cos(∆) for the AlOx sample measured to have an Al atom 
concentration of 43%.  Also shown is a fit to this data using Bruggeman effective 
medium approximation theory with Al2O3 and Al metal as the constituent materials. (b) 
The refractive index and the absorption coefficient of the AlOx films resulting from the 
fitting to Bruggeman effective medium approximation theory. 
 
 
Figure IV.20 Optical constants of aluminium sub-oxide thin films at a wavelength of 
500nm as a function of Al metal inclusion.  The optical constants are drawn from the 
results presented in Figure IV.19. 
 
0 1 2 3 4
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
 n
 k
Al metal inclusion %
R
ef
ra
ct
ive
 
in
de
x 
(n 
a
t λ
=
50
0n
m
)
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
0.016
0.018
0.020
E
xtinctio
n
 co
efficie
nt
 (k
 at
 λ
=500
n
m)
62 
 
Table IV-6 Results of the aluminium sub-oxide samples investigated using X-ray 
Photoelectron Spectroscopy (XPS), Variable Angle Spectroscopic Ellipsometry (VASE) 
and a synchrotron soft x-ray beam line for the X-ray Absorption Near Edge Structure 
(XANES). 
 
 
 
4.4.5  Summary 
 
In this section, AlOx coatings deposited using the FCVA have been investigated in terms of 
their chemical composition, optical properties and local bonding arrangements.  At higher Al 
content, aluminium metal inclusions were found within the aluminium oxide coatings. These 
inclusions significantly affect the optical properties of deposited thin films.  This systematic 
variation in optical properties with Al metal content presents a way of tailoring thin film 
coatings according to desired specifications in terms of their optical properties.  This idea is 
pursued in Chapter VI section 6.2. 
 
 
 
4.5 Conclusion 
 
We have shown that the FCVA can be used to produce Al2O3 and TiO2 optical grade coatings 
at a deposition rate significantly greater than the more established techniques of sputtering 
and electron beam evaporation for the deposition of optical coatings. 
Ellipsometry        
(Effective medium 
approximation)
Al (atomic %) O (atomic %) Al metal inclusion %
tetrahedral 
peak area
octahedral 
peak area
41 59 0 - -
42 58 0 1.8 0.15
42 58 0.5 1.85 0.16
43 57 1.5 1.83 0.22
47 53 3.5 1.85 0.37
Composition (XPS) XANES (peak fitting)
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A trilayer antireflective optical coating was designed and the most suitable conditions for 
depositing flat ultrathin Al metal coatings on a dielectric thin film were found.  A series of 
Al2O3/Al/Al2O3 trilayer coatings were deposited and characterised using a variety of 
methods.  A broadband antireflective coating on silicon was successfully produced. 
The effects of varying the oxygen content on the optical and bonding properties of 
aluminium sub-oxide thin films have been investigated with the view of gaining the ability to 
control the optical properties of aluminium sub-oxide coatings. 
  
64 
 
Chapter V  
 
 
Optical coating development using 
Atomic Layer Deposition 
 
 
 
 
The use of Atomic Layer Deposition (ALD) for the deposition of optical coatings 
is investigated in this chapter.  The properties of the Al2O3 and TiO2 coatings 
that are produced using this technique are characterised and a multilayer 
optical coating design is implemented.  The suitability of ALD for the purposes 
of synthesizing AlxTi1 -xOy thin film composites with novel optical characteristics 
is also examined in this chapter. 
 
 
 
5.1 Introduction 
 
Atomic Layer Deposition (ALD) or atomic layer epitaxy is a chemical vapour deposition 
technique that was first performed by research groups in Soviet Russia in the 1960s where it 
was known as molecular layering [67].  This deposition method was later refined by Finnish 
research groups [65].  In 1996 Riihelä et al. published a paper that was the first to explore 
the use of ALD in the deposition of optical coating designs [38]. 
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The issues surrounding the modern development of ALD have recently been considered by 
Puurunen in an in depth review of the deposition method [67].  Being a chemical vapour 
deposition method, the choice of precursors requires careful consideration according to the 
needs of experiment.  For the case of flat surfaces the operating temperature window is the 
main concern and it is dependent upon being able to achieve sequential self terminating gas 
solid reactions.  A simple illustrated example of an ALD cycle has been given in Chapter III 
section 3.2.4. 
Extensive studies have been performed on Al2O3 [38, 70, 71, 105-113] and TiO2 [21, 68, 70, 
71, 108-112, 114-120] thin films deposited using ALD.  Aarik et al. have already characterised 
the optical properties of TiO2 [117] and Al2O3 [105] thin films deposited using ALD at higher 
temperatures by means of measuring the transmission spectra.  Sections 5.2 and 5.3 are a 
continuation of work performed by Triani et al. [70], Evans et al. [108, 109] and Mitchell et 
al. [21, 71, 110, 111, 120] who have produced TiO2 and Al2O3 thin films by ALD at low 
temperatures previously. 
In the first part of this chapter (section 5.2), the coating quality of Al2O3 and TiO2 films 
deposited using ALD is investigated.  The depositions are carried out at low temperature 
(120°C) in order to investigate the suitability of the ALD technique for depositing on 
temperature-sensitive substrates.  Due to the need to deposit coatings at low substrate 
temperatures, vapour phase reactions between AlCl3+H2O, Al(CH3)3+H2O and TiCl4+H2O 
have been chosen for the deposition of Al2O3 and TiO2 thin films.  The optical properties of 
the deposited thin films are characterised using ellipsometric methods.  The implementation 
of an optical coating design is carried out using ALD in section 5.3.  The deposited multilayer 
coating is characterised using a variety of techniques. 
Section 5.4 investigates the possibility of producing AlxTi1-xOy dielectric composite coatings 
with tailored optical characteristics.  A thorough characterisation of deposited thin film 
composites is carried out by a variety of techniques.  Low temperature (120ºC) ALD 
depositions of the alumina-titania composites were carried out by varying the ratio of the 
Al2O3 and TiO2 pulses within an ALD cycle which consisted of vapour phase reactions 
between AlCl3+H2O and TiCl4+H2O respectively.  The growth rates, chemical composition, 
optical properties, morphology and the bonding states of the dielectric composites have all 
been investigated. 
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5.2  Deposition of single and bi-layer TiO2 and 
Al2O3 coatings 
 
Prior to the deposition of more complex optical coatings, this section examines the suitability 
of ALD deposited Al2O3 and TiO2 for optical purposes. 
 
 
5.2.1  Experiment optimisation 
 
Table V-1 shows the settings used for the low temperature deposition of Al2O3 and TiO2 with 
the Al(CH3)3+H2O and TiCl4+H2O precursor couples respectively. There was a need to 
optimise the pulsing duration of the precursors and the purge times that each required for 
the removal of physisorbed species during each ALD cycle.  This ensured that for each cycle 
only chemically adsorbed species will be deposited onto the substrate surface. The standard 
settings on the Microchemistry ALCVDTM-F120 model with respect to the primary and 
secondary N2 pressures were used (see Chapter III section 3.2.4). 
Depositions of Al2O3 were also made using the AlCl3+H2O precursor couple.  Since AlCl3 
precursor is a solid, it required heating in order to increase the vapour pressure of the 
material to a point where the concentration of AlCl3 was significant enough for the ALD 
process to be able to be carried out successfully.  It was found that maintaining the 
temperature of the glass boat that contained the AlCl3 material at 90°C was sufficient.  
Particulates were found to form during the test depositions of Al2O3 with the AlCl3 precursor, 
however, additional steps of using a larger diameter exhaust capillary (1.1mm instead of 
0.8mm) in the AlCl3 line and significantly increasing the purge time to the values shown in 
Table V-1 were found to solve the problem. 
When compared to the deposition rates of the PVD techniques presented in Chapter IV (see 
section 4.2 Tables IV-1 – IV-3), the deposition rates for Al2O3 and TiO2 using ALD are 
significantly lower.  This was expected since relatively low deposition rates are a well known 
disadvantage of the ALD method.  
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Table V-1 Experimental conditions in the deposition of thin films using the Atomic 
Layer Deposition (ALD) technique described in Chapter III section 3.2.4. 
 
 
 
5.2.2  Chemical composition of single layers 
 
Single layer films were first prepared in order to evaluate the growth rates, compositions and 
optical properties of alumina and titania films.  X-ray Photoelectron Spectroscopy (XPS) was 
used to determine the stoichiometries of the materials produced from the different 
precursors (see Table V-2).  The TiCl4 and AlCl3 precursors were found to produce 
stoichometric TiO2 and Al2O3 at 120ºC.  XPS was also used to determine whether there was 
any chlorine present in the films.  The amount of chlorine was found to be less than 1 atom% 
for both chlorine-based precursors.  Alumina films prepared using a Al(CH3)3 precursor were 
also found to be stoichometric.  The growth rate per cycle for the alumina and titania 
coatings are shown in Table V-2 and are consistent with those published elsewhere [67-69]. 
 
Table V-2 The composition of single layer titania and alumina films prepared by 
ALD from the precursors shown and their reported growth rates as well as the growth 
rates found experimentally at 120ºC. 
Layer Precursors 
Atomic Percentage (%) Growth per cycle (Å/cycle) 
Al Ti O 
Reported 
elsewhere 
Experimental 
Alumina 
Al(CH3)3+H2O 40 0 60 
1.1-1.3 [67] 
(180ºC) 0.8 (120ºC) 
AlCl3+H2O 40 0 60 0.8 [69] (150ºC) 1.2 (120ºC) 
Titania TiCl4+H2O 0 34 66 0.5 [68] (150ºC) 0.5 (120ºC) 
 
primary secondary
Al(CH3)3+H2O 1.0 2.0 1.0 2.0 350 200 ~0.8
AlCl3+H2O 0.8 3.0 1.0 2.0 350 200 ~1.1
TiO2 TiCl4+H2O 0.4 1.0 1.0 1.5 350 200 ~0.8
Deposition rate
(nm/min)
N2 carrier gas flows
(sccm)
Material Precursors Cycle pulsing times (s)
Al2O3
metal 
precursor
N2 purge H2O N2 purge
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5.2.3 Atomic Force Microscopy of single layers 
 
In order to characterise the roughness of coatings produced by ALD, Atomic Force 
Microscopy (AFM) was used.  AFM was used in order to map out the surface topology of 
individual layers of Al2O3 and TiO2 coatings that were deposited onto Si substrates using 
ALD.  The Root Mean Square (RMS) roughness, which is a standard measure of thin film 
roughness, can be determined from AFM images of the coating surface.  The characteristic 
AFM images of the individual layers are shown in Figure V.1 and the average roughness 
values of the individual layers are stated in the Figure V.1 caption as well as Table V-3.  As a 
point of reference the AFM image of the Si substrate is also shown in Figure V.1 along with 
the calculated RMS roughness.  The RMS roughness stated for Si is the result of the limited 
resolution of the AFM instrument used and should not be taken as a true measure of its 
roughness. 
 
 
(a) 
 
(b) 
 
 
(c) 
 
(d) 
 
Figure V.1 Atomic force microscopy (AFM) was performed on single layer thin films 
of Al2O3 and TiO2 deposited on Si substrates using the following techniques: 
 
Atomic Layer Deposition – (a) Al2O3 (Al(CH3)3 as metal precursor), (b) TiO2 (TiCl4 as 
metal precursor) and (c) Al2O3 (AlCl3 as metal precursor) with RMS roughness of 
0.3nm, 0.3nm and 0.1nm respectively. 
 
(d) The bare Silicon substrate is also pictured with RMS roughness 0.1nm. 
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The roughness of the ALD deposited coatings compare favourably with the roughness 
obtained from coatings prepared using the PVD techniques presented in Chapter IV section 
4.2.3.  As discussed previously, inherent thin film roughness which leads to scattering 
reflections is unwelcome in most optical designs.  Therefore, the smoothness of Al2O3 and 
TiO2 coatings produced by ALD should make them ideal for optical applications.  
 
 
5.2.4 Optical characterisation of single layers 
 
Using an identical procedure to that outlined in Chapter IV section 4.2.5 for the PVD 
deposited films, the single layer ALD films were investigated using Variable Angle 
Spectroscopic Ellipsometry (VASE).  The results are shown in Table V-3.  The optical 
properties of the coatings deposited by ALD within the ranges reported for TiO2 (2.2<n<2.7) 
[46, 82, 121] and Al2O3 (1.5<n<1.8) [46, 121] thin films.  TiO2 deposited by ALD shares a 
similar refractive index profile to FCVA deposited TiO2; that is it is higher than that of 
electron beam and magnetron sputtering deposited coatings.  The measured refractive index 
of the ALD Al2O3 coating is significantly smaller than the refractive index of Al2O3 deposited 
using FCVA.  The greater transparency exhibited by the ALD TiO2 and Al2O3 coatings 
compared with the PVD coatings and the greater refractive index contrast between them is 
desirable in various optical coating design applications. 
 
Table V-3 Optical parameters of the single layer ALD thin films are tabulated along 
with the roughness as determined by ellipsometry (EMA layer thickness) and Atomic 
Force Microscopy (AFM RMS roughness).  A measure of the error in the ellipsometry 
fittings is also provided (final MSE). 
 
 
 
An Bn Ak Bk
Al2O3
Atomic Layer 
Deposition
TMA 
precursor
1.59  
±1.0*10-3
8.3*10-3  
±2.0*10-4
0      
±4.8*10-4
-
154           
±0.18
0 ±0.34 17 0.3
AlCl3 
precursor
1.57 
±7.1*10-4
6.4*10-3  
±5.5*10-5
6.3*10-5 
±1.3*10-4
0.044  
±6.05
116         
±0.052
1.0 ±0.10 5.7 0.1
TiO2
2.17  
±0.016
0.069  
±6.2*10-3
0 ±0.022 -
34.0            
±0.10
0 ±0.126 15 0.3
Coating
Cauchy parameters AFM RMS 
roughness
Cauchy layer 
thickness (nm)
Atomic Layer 
Deposition
EMA layer 
thickness (nm)
final MSEDeposition technique
70 
 
5.2.5  Characterisation of a bi-layer TiO2/Al2O3 coating 
 
A bi-layer sample consisting of 32nm of titania and then 132nm of alumina on a silicon 
substrate was prepared using TiCl4 and Al(CH3)3 precursors according to the diagram shown 
in Chapter IV section 4.2.6 Figure IV.6).  The material composition of the bi-layer coating 
was examined using Auger Electron Spectroscopy (AES) (see Chapter III section 3.1.3.3).  
Using the AES results in the same way as outlined in Chapter IV section 4.2.6, the elemental 
depth profile of the bi-layer coating was arrived at and is plotted in Figure V.2. 
 
 
Figure V.2 Auger electron spectroscopy elemental depth profile of a bilayer coating 
that was deposited using Atomic Layer Deposition. 
 
The chemical composition of the alumina layer appears to be close to stoichiometric at the 
sample surface (Al=40%, O=60%). The depth profile shows evidence for the alumina layer 
becoming slightly oxygen-rich with depth. This change in composition may be the result of 
redeposition of oxygen which was sputtering from the sample. The titanium oxide layer was 
not well resolved from the elemental depth profile due to a loss of depth resolution often 
observed in sputter depth profiles, particularly after long sputtering times. This loss of depth 
resolution is explained by Auger electrons escaping from different depths in the sample as 
the sputter crater increases in depth and becomes rougher.   
A cross-sectional Transmission Electron Microscopy (TEM) (see Chapter III section 3.1.2.2) 
image of the same bi-layer sample is shown in Figure V.3(a) in which sharp interfaces 
between the layers are evident.  This is a beneficial feature of the ALD process which has 
been noted previously [71].  The selected area diffraction patterns of the Al2O3 and TiO2 are 
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 shown in Figure V.3(b) and (c) respectively.  The diffraction patter
consisted of rings which demonstrate that the layers are disordered.  This is consistent with 
previous ALD studies that have shown that Al
temperature [71, 114, 122].  Note that due to the limited spatial resolution available, the 
diffraction pattern from the TiO
substrate.  The lack of large crystallites in the layers makes them highly suitable for optical 
applications since the presence of crystal facets can degrade optical per
Electron Energy Loss Spectroscopy (
performed to examine the Electron Loss Near Edge Structure (ELNES) of the Ti, Al and O 
edges.  ELNES provides information on the local bonding arrangements and therefore can be 
used to distinguish between different materials.  
and the O K edge from the alumina layer shown in 
consistent with published results
the ALD deposited material is amorphous, the local bonding arrangements resemble those of 
Al2O3.  Figure V.4(c) shows the Ti L and O K edges for the titania layer, which als
those obtained previously [94]
(a) 
Figure V.3 (a) Cross-sectional TEM image of a bi
of alumina and 32 nm of titania on a silicon substrate. The selected area diffraction 
patterns of the (b) Al2O3 and (c) TiO
layer also includes diffraction spots from the crystalline Si substrate.
ns from both layers 
2O3 and TiO2 are amorphous 
2 layer contains spots which originate from the crystalline Si 
formance
EELS) (see Chapter III section 3.1.3.1)
Figure V.4(a) and (b) show the Al L edge 
Figure V.3(a).  These spectra are 
 [94] for crystalline alumina, confirming that even though 
. 
 
(b)  
(c)  
-layer sample consisting of 132 nm 
2 layers.  Note that the diffraction pattern of the TiO
 
71 
at this 
 [123, 124]. 
 was also 
o agree with 
 
 
2 
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(a) (b)  
(c)  
Figure V.4 Electron loss near edge structure of the (a) Al L edge and (b) O K edge in 
the alumina layer and (c) the Ti L edge at 460eV and the O K edge at 530eV in the titania 
layer along with previously published results [94]. 
 
 
5.2.6 Summary 
 
This section presents a study of the microstructure and the optical properties of aluminium 
and titanium oxides deposited using ALD at 120ºC.   The depositions were carried out using 
TiCl4, AlCl3, Al(CH3)3 and H2O as precursors.  XPS was used to verify the composition and 
AES depth profiling was performed to check the compositional uniformity of the deposited 
materials.  TEM and EELS were used to investigate the microstructure of the coatings, which 
were found to be amorphous and contained local bonding configurations consistent with 
titania and alumina. 
The results showed that ALD can be used to prepare stoichiometric coatings of Al2O3 and 
TiO2 at 120oC. The low deposition temperature was chosen to verify the suitability of using 
this technique in depositing optical coatings on thermally sensitive substrates. These 
coatings exhibited roughness characteristics that were superior to coatings produced by the 
more established methods, for preparing Al2O3 and TiO2 optical coatings, of magnetron 
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sputtering and electron beam evaporation.  One disadvantage of the ALD method is the 
relatively slow deposition rate which limits the industrial use of this technique in 
implementing optical designs which require micron thick coatings. However, one advantage 
of ALD is that substrates with complex geometry can be coated in a highly controlled 
manner, allowing multilayer optical designs to be synthesised. 
 
 
 
 
5.3 Multilayer optical coatings deposited using 
Atomic Layer Deposition 
 
The implementation of a multilayer optical coating design is carried out using ALD and the 
resulting coating is characterised both in terms of its microstructure and optical 
performance. 
 
 
5.3.1  Introduction 
 
Multilayer dielectric thin films are commonly used in the manufacture of optical filters and 
antireflection coating.  The main purpose of this section is to investigate the use of ALD in 
producing such coatings for broadband antireflective purposes.  While there have been 
studies into the use of ALD for optical applications [38, 71, 108, 125], little information is 
available on the use of this technique in the deposition of optical coating designs at low 
temperatures.  Section 5.3 builds upon the work of Triani et al. [71] who have shown that at a 
temperature of 100˚C ALD is capable of producing quality multilayer thin films of Al2O3 and 
TiO2.  Having investigated the optical and structural characteristics of Al2O3 and TiO2 in 
section 5.2, here we deposit a multilayer antireflective coating based on these materials and 
its optical response is compared to theoretical models. 
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5.3.2 Multilayer optical coating design and synthesis 
 
The FilmStar software package was used to design a TiO2/Al2O3/TiO2/Al2O3 antireflective 
coating on Si [55].  Figure V.5(a) shows the design with layer thicknesses optimised to give 
the minimum average reflectance on Si, from 450 to 750nm at perpendicular incidence.  
Figure V.5(b) shows the corresponding optical response as predicted by FilmStar. 
 
 
 
(a) (b) 
Figure V.5 (a) Diagram of the 4 layer antireflection design and (b) the simulated 
optical response of the 4 layer coating at perpendicular incidence. 
 
A coating was prepared according to the design in Figure V.5 using ALD and AlCl3 and TiCl4 
precursors for the alumina and titania layers.  The AES depth profile of this sample is shown 
in Figure V.6.  The composition of the alumina layers appears uniform and at the correct 
stoichiometry.  As was the case in the bi-layer sample, the TiO2 layers are not well resolved 
due to sputter broadening.  This broadening effect is most pronounced in the case of the 
initial TiO2 layer which was deposited onto the silicon substrate which appears to show 
mixing into both the silicon substrate and neighbouring alumina layer.  The 4 layer coating is 
much thicker than the bi-layer coating shown in Figure V.3(a), resulting in even greater 
broadening of the layers. 
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Figure V.6 Auger Electron Spectroscopy depth profile of the 4 layer coating on a 
silicon substrate 
 
Figure V.7(a) shows a cross-sectional TEM image of the 4 layer coating. The four layers (A to 
D) expected from the design shown in Figure V.5(a) are clearly visible.  A thin 
(approximately 15nm) surface contamination layer was also observed in the sample, most 
likely introduced during specimen preparation. No evidence of inter mixing between layers is 
evident. The image and an EELS line scan, which was used to measure the presence of Ti as a 
function of thickness, show relatively sharp interfaces between layers.  The alumina layers 
were measured to be 125nm for layer B and 112nm for layer D, in excellent agreement with 
those expected (119nm and 111nm – see Figure V.5(a)).  The titania layers were measured to 
be 94nm for layer A and 28nm for layer C, much thicker than was intended.  One possible 
reason for the discrepancy in the expected and the resultant titania layer thicknesses may be 
due to the anatase inclusions into the predominantly amorphous layer which in turn caused 
the differences in the growth rates of the titania.  This suspicion is supported by a study by 
Sammelselg et al. [126] which showed nonhomogeneous growth of titania at 150ºC due to 
the formation of the anatase phase.  However, no evidence of anatase inclusions was 
observed in the TEM or EELS analysis.  The discrepancy in the titania thicknesses may be 
due to the procedure used for depositing the multilayer coating shown in Figure V.5(a).  The 
F-120 ALD reactor is primarily designed for operation with two precursors such that each is  
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(a) (b) 
 
(c) (d) 
Figure V.7 (a) Cross-sectional TEM image of the 4 layer antireflection coatings 
prepared using ALD at 120˚C.  Layers A and C are titania, while B and D are alumina.  
(b) EELS line scan showing the level of Ti as a function of distance from the sample 
surface. (c) and (d) show bright field and dark field images of a section of the sample 
which has been irradiated by the electron beam.  Nano-crystals of TiO2 and Al2O3 have 
formed in the layers. 
 
introduced into the deposition chamber through separate vapour transfer lines.  The use of 
three precursors for the present multilayer coating required the TiCl4 and AlCl3 to be 
introduced through the same set of interconnected gas flow lines.  This approach may have 
perturbed the pressure balance within the system, causing the observed increase in the 
deposition rate of TiO2.  While the elemental depth profile in Figure V.6 isn’t conclusive, it 
suggests a lower Ti concentration in layer A further away from the substrate.  The EELS line 
scan shown in Figure V.7(b) also indicates a higher Ti concentration in layer A near the 
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substrate.  This provides support to the claim that there may have been some aluminium 
oxide contamination in layer A as a result of the perturbation of precursor pressure balances. 
While analysing the sample using electron microscopy, it was found that electron beam 
irradiation encourages crystallization within both the titania and alumina layers.  Figure 
V.7(c) and (d) show bright and dark field images of the sample following irradiation in the 
electron beam for 30 minutes at 200kV.  Crystallites between 25-35nm in size were observed 
in the alumina layers while smaller (6-12nm) crystallites were observed in the titania layers.  
This result indicates that the material does not have a high degree of thermal stability under 
electron bombardment. 
 
 
Figure V.8 Reflectance measured at 20 degrees for the 4 layer multilayer coatings 
prepared using ALD. The simulated reflectance at 20 degrees for a 4 layer coating with 
layer thicknesses measured from TEM is shown for comparison. 
 
The perturbation in the pressure balances which is thought to have occurred, could also have 
introduced Al2O3 and other contamination into the TiO2 layers (A and C) seen in Figure 
V.7(a).  This may also explain the discrepancy between the simulation and the measured 
reflectance of the 4 layer coating we see in Figure V.8. 
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5.3.3  Summary 
 
In this section, a multilayer antireflective coating was designed and prepared using ALD.  
The TEM study of the multilayer coating revealed that while the alumina layers were the 
desired thicknesses, the titania layers were thicker than expected possibly due to the 
perturbation of the pressure balances within the system.  The multilayer coating was also 
found to be thermally unstable under electron irradiation, as evident from nano-crystal 
formation in both the alumina and titania layers during electron beam exposure.  The 
calculated reflectance of the multilayer coating using the thicknesses found from the TEM 
analysis compared well to those measured experimentally.  By carrying out the ALD 
depositions at low temperatures, the suitability of using this technique with thermally 
sensitive substrates was demonstrated. 
 
 
 
 
5.4  AlxTi1-xOy dielectric composite thin films 
 
The suitability of ALD for the purposes of synthesizing composites with novel characteristics 
is explored in this chapter. In particular, the ability to prepare coatings with tailored optical 
constants by depositing AlxTi1-xOy dielectric composite thin films is investigated. 
 
 
5.4.1  Introduction 
 
Mixed metal oxides offer us a chance to produce coatings with tailored physical properties.  
In this work we produce desirable optical properties in thin film coatings by examining 
composites of titania and alumina.  ALD is employed as the deposition technique of choice in 
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this examination and a thorough characterisation of the thin film composites is carried out 
by a variety of techniques.  By manipulating the blend of the constituent materials through 
the control of the deposition parameters during the ALD process we hope to be able to 
deposit composite thin films with an array of optical properties.   
There have been other studies attempting to tailor particular physical properties of metal 
oxide composite thin films.  Pétry et al. [127] have used ALD using a similar method to the 
one proposed here in order to deposit AlxHfyOz and AlxZryOz coatings to achieve coatings with 
desired thermal stability and band gap states.  Morris et al. have used TixV1-xOy coatings in 
order to affect the band gap states of the metal oxide composite material [128].  In particular 
the optical properties of AlxTi1-xOy thin films deposited using radio frequency magnetron 
sputtering have been studied previously by Lai et al. [129] for their attributes in meeting 
desired specifications of specialised lithography techniques.  It has been found previously 
that at temperatures below 400˚C AlxTi1-xOy is likely to be in the amorphous phase [130].  
Stabel et al. [131] and Capitán et al. [132] have performed studies of the optical properties of 
AlxTi1-xOy thin films deposited using ion beam induced chemical vapour deposition.  As a 
result of the deposition technique, however, some of their films were found to be porous.  In 
2004 Vitanov et al. [20] and Kuo et al. [23] published separate investigations of AlxTi1-xOy 
thin films deposited using sol-gel and radio-frequency magnetron sputtering deposition 
respectively.  These and other studies by Vitanov et al. [20, 133, 134] included some optical 
characterisation but their main focus was on the properties of AlxTi1-xOy thin films that make 
them suitable candidates in high-k dielectric applications.  Kukli et al. [135] have performed 
a study showing the potential advantages that ALD deposited AlxTi1-xOy thin films could 
bring to capacitive devices of advanced topology. 
The difference between previous studies and this one is the attempt to characterise the 
bonding and tailor the optical properties of ALD deposited AlxTi1-xOy thin films in order to be 
able to use them for future broadband optical coating applications. 
 
5.4.2 Chemical composition of single layers 
 
Low temperature (120ºC) ALD depositions of the alumina-titania composites were carried 
out by varying the ratio of the Al2O3 and TiO2 pulses within an ALD cycle which consisted of 
vapour phase reactions between AlCl3+H2O and TiCl4+H2O respectively.  The growth rates, 
chemical composition, optical properties, morphology and the bonding states of the 
dielectric composites have all been investigated. 
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Example XPS spectra from thin films prepared using a range of precursor ratios are shown in 
Figure V.9.   
 
Al37Ti1O62 
Al35Ti2O63 
Al31Ti10O58 
Al5Ti31O63 
Figure V.9 Examples of the X-ray photoelectron spectra taken of single layer 
dielectric composite coatings.  Shown are the (a) O 1s (b) Ti 2p3/2 and (c) Al 2p 
photoelectron peaks obtained with Al K α excitation.  
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These are in good agreement with a previous XPS study of Ti-Al-O phases [136] which shows 
the O1s peak shifting to lower binding energies with increasing Ti concentrations. 
Table V-4 shows the atomic concentrations determined from these XPS spectra and their 
corresponding deposition parameters and growth rates.  At low temperatures, it has been 
previously reported that thin films coated using the ALD technique contain contaminants 
that are the unreacted remnants of the precursors [108].  The amount of Cl contamination is 
estimated to be less than ~1% in the dielectric composite samples in terms of the chemical 
composition. 
 
 
Table V-4 Chemical composition as measured by X-ray Photoelectron Spectroscopy 
(XPS) of the composite coatings deposited by combining the aluminium oxide and 
titanium oxide Atomic Layer Deposition (ALD) cycles.  The effective Growth Per Cycle 
(GPC) of the AlxTi1-xOy coatings is also provided along with the ratio of the fitted peaks 
to the O 1s peak obtained through XPS. 
 
 
The position of peaks in XPS can provide information on the main types of bonding present 
between the constituent atoms.  In this case, the predominant bonding type can be seen by 
looking at the variations in the O 1s peak.  Due to the higher ionic character of the Ti-O-Ti 
bonding as compared to that of Al-O-Al [137], the O 1s peak has a lower binding energy value 
with an increase in the concentration of Ti present in the film.   
Peak fittings were performed on the O 1s XPS spectra.  The peak with a binding energy 
between 532.0 and 532.4 eV is attributed to Al-O-Al and the peak with a binding energy 
between 530.4 and 531.0 eV being attributed to Ti-O-Ti.  The ratio of the height of these 
Al2O3   
(AlCl3+H2O)
TiO2  
(TiCl4+H2O)
Al (%) Ti (%) O (%)
Fitted peak 
532.0-532.4eV
Fitted peak 
530.4-531.0eV
Al2O3 - 40 0 60 0.117 - -
3 1 37 1 62 0.099 0.98 0.13
2 1 35 1 64 0.084 0.99 0.10
1 1 35 2 63 0.081 0.68 0.55
1 2 31 10 58 0.067 0.36 0.81
1 3 24 15 61 0.058 0.42 0.89
1 5 19 19 62 0.053 0.26 0.95
1 9 12 26 62 0.051 0.24 0.93
1 19 5 31 63 0.049 0.14 0.97
- TiO2 0 34 66 0.048 - -
Precursor cycle ratio
Growth Per 
Cycle  
(GPC)  
(nm/cycle)
Chemical composition
Peak Fitting                                         
(height ratio to 01s peak)
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fitted peaks to the overall O 1s spectra is given in Table V-4.  As the environment changes to 
having a clearly predominant Ti-O-Ti bonding structure there is significant asymmetry in the 
O 1s peak at the higher binding energy side of the peak. 
 
 
 
5.4.3 Synchrotron study of the dielectric composite series 
 
The X-ray Absorption Near Edge Structure (XANES) of the Ti L, O K and the Al K edges was 
studied by measuring the Total Electron Yield (TEY) on the soft X-ray line of the Australian 
Synchrotron.  Details of the method are outlined in Chapter III section 3.1.3.4. 
 
5.4.3.1  Al K edge 
Figure V.10 shows the Al K edge from the dielectric composite samples. A clear variation in 
XANES is observed as the stoichiomentry of the samples changes. The peak at 1566.1 eV 
which is most prominent in the Al2O3 sample is consistent with tetrahedral bonding between 
Al and O atoms [100].  This finding is consistent with the molecular dynamics study of 
Gutiérres and Johansson [138], which has revealed that tetrahedral Al bonding is the most 
prevalent in amorphous Al2O3.  The secondary peak at 1571.8 eV in the Al2O3 sample is 
attributed to multiple scattering events within the material [99]. 
For samples with decreasing concentrations of Al, a gradual change in the Al K edge is 
observed from the double shape indicative of Al2O3 to one prominent peak at 1568.6eV.  The 
value of this peak is consistent with Al in distorted octahedral symmetry [98].  It has been 
reported by van Bokhoven that distortions in the octahedral symmetry lead to a small pre-
edge feature in the Al K edge spectrum [139] such as the feature highlighted in the spectrum 
of Al5Ti31O63.  The implied distortion in the octahedral symmetry is consistent with Al atoms, 
at low concentrations, being present in place of Ti atoms within a predominantly anatase-
like bonding environment. 
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Figure V.10 The Al K edge X-ray Absorption Near Edge Structure (XANES) of single 
layer Al2O3 and AlxTi1-xOy dielectric composites.  The spectra have been normalised and 
the energy scale calibrated. 
 
5.4.3.2 Ti L edge 
Figure V.11 shows the corresponding Ti L edge for the dielectric composite samples.  The 
skewing of the L3 eg peak toward a lower energy signifies that the local bonding coordination 
in the amorphous samples is that of anatase [140, 141].  Anatase is a naturally occurring 
crystal structure of TiO2 whose bonding symmetry corresponds with that depicted in Chapter 
IV Figure IV.17(a).  This is consistent with previous studies which have shown that in the 
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temperature window of 165-350ºC TiO2 deposition by ALD produces anatase polycrystalline 
coatings [21, 115, 118]. 
 
 
Figure V.11 The Ti L edge X-ray Absorption Near Edge Structure (XANES) of single 
layer TiO2 and AlxTi1-xOy dielectric composites.  The spectra have been normalised and 
the energy scale calibrated. 
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states in the t2g sub-band and is consistent with a reduction of Ti4+ cations.  Applying this 
particular measure in an examination of the Ti L3 edge, Figure V.11 implies that for the 
composites with lower concentrations of Ti, a smaller proportion of those Ti atoms are Ti4+ 
cations.  This means that the local structure of the Ti atoms in composites with lower 
concentrations of Ti is more akin to that of Ti2O3 than the high concentration Ti composite 
samples which have a clear TiO2 local structure [143].  This conclusion is supported by a 
theoretical study by Matsunaga et al. [144] which has shown that within Al2O3, substitutional 
Ti defects are energetically favourable when looking at the defect energetics in titanium-
doped alumina. 
 
5.4.3.3 O K edge 
The variation in the O K edge of the dielectric samples is shown in Figure V.12.  By 
examining the O K edge of the samples with mixed composition, the spectrum contributions 
from O-Al XANES can be seen as overlayed with those of O-Ti XANES.   The XANES spectra 
of titanium dioxide and aluminium oxide samples in Figure V.12 correspond with those of 
Al2O3 and anatase TiO2 [21].  The most prominent O-Ti contribution to the XANES spectra is 
a double peak (A~531eV and B~533eV) seen in Figure V.12 which corresponds with the 
values previously found for TiO2 [142, 143].  The Al2O3 sample spectrum has the 
characteristics of Al2O3 previously reported by Uda et al. with a somewhat flat peak (peak C) 
at an X-ray energy of around 540eV [145].  With decreasing Ti concentrations in the samples 
a clear trend can be seen where the ratio of peak A to peak B diminishes mimicking the 
reduction of TiO2 [143]. 
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Figure V.12 The O K edge X-ray Absorption Near Edge Structure (XANES) of single 
layer Al2O3, TiO2 and the AlxTi1-xOy dielectric composites.  The spectra have been 
normalised and the energy scale calibrated. 
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5.4.4 Optical characterisation of AlxTi1-xOy single layers 
 
The optical properties of the dielectric composite thin films were analysed by fitting an 
optical model to the ellipsometric data obtained by Variable Angle Spectroscopic 
Ellipsometry (VASE). 
The Cauchy modelling method was employed in the optical analysis of our dielectric 
composite layer series in the manner described in Chapter IV section 4.2.4.  In this case 
surface roughness was not modelled due to the presumption that the coatings deposited by 
ALD are of negligible roughness as was found previously (see sections 5.2.3 and 5.2.4).  The 
optical properties of each of the single layer thin films were determined from the Cauchy 
model using Equations 1 and 2 in Chapter IV section 4.2.4.  The fitted Cauchy model 
parameters are shown in Table V-5. 
 
Table V-5 Optical properties of the AlxTi1-xOy coatings are portrayed in terms of 
their Cauchy parameters.  The Mean Square Error (MSE) in the Cauchy model fitting to 
the ellipsometric data is also stated. 
 
 
Al2O3   
(AlCl3+H2O)
TiO2  
(TiCl4+H2O)
An Bn Ak Bk
Al2O3 -
1.57 
±7.1*10-4
6.4*10-3  
±5.5*10-5
6.3*10-5 
±1.3*10-4
0.044  
±6.1
117 ±0.11 6.0
3 1
1.57  
±7.9*10-4
5.2*10-3  
±7.0*10-5
0  
±5.3*10-4
-
80.7  
±0.078
6.3
2 1
1.57  
±1.8*10-3
5.8*10-3  
±1.3*10-4
4.0*10-3  
±1.0*10-3
0  
±0.096
72.8 ±0.15 7.9
1 1
1.60 
±1.9*10-3
8.8*10-3  
±1.7*10-4
9.2*10-3  
±9.1*10-4
0  
±0.040
62.6 ±0.10 4.9
1 2
1.71  
±1.3*10-3
0.015  
±1.8*10-4
0  
±9.4*10-4
-
55.9  
±0.053
5.6
1 3
1.80  
±1.0*10-3
0.019  
±2.1*10-4
0  
±1.0*10-3
-
50.9  
±0.038
5.9
1 5
1.91  
±6.7*10-4
0.027  
±2.0*10-4
0  
±9.3*10-4
-
49.7  
±0.030
5.8
1 9
2.01  
±5.4*10-4
0.035  
±2.4*10-4
0  
±1.0*10-3
-
46.9  
±0.027
5.6
1 19
2.12  
±6.0*10-4
0.045  
±3.2*10-4
0  
±1.2*10-3
-
46.3  
±0.033
6.2
- TiO2
2.17  
±0.016
0.069  
±6.2*10-3
0 ±0.022 - 34.0 ±0.40 15
Precursor cycle ratio Cauchy parameters Cauchy 
layer 
thickness 
(nm)
final 
MSE
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The refractive index functions that contain the Cauchy parameters An and Bn in Table V-5 
have been drawn for visualisation purposes in Figure V.13.  In this figure, the refractive index 
of each individual composite coating is shown as a function of wavelength.  The legend 
portrays the precursor cycle ratio used in the deposition of each dielectric composite coating 
as the number of Al2O3 cycles relative to the number of TiO2 cycles (i.e. Al2O3 to TiO2). The 
graph clearly shows that the optical properties can be varied as a function of the composition 
of the material. 
 
 
Figure V.13 Refractive index functions of the AlxTi1-xOy dielectric composite thin films.  
The legend states the number of Al2O3 cycles relative to the number of TiO2 cycles (i.e.  
Al2O3 to TiO2) used during ALD. 
 
The obtained refractive index functions of the AlxTi1-xOy coatings fall within the boundaries of 
Al2O3 and TiO2.  From Figure V.13 it is also clear that for AlxTi1-xOy coatings with relatively 
few TiO2 precursor cycles, the refractive index is very similar to that obtained for Al2O3.  This 
would suggest that there is very little inclusion of Ti within the dielectric coating.  Indeed this 
is supported by the XPS results in section 5.4.2 which found that the chemical composition 
of these coatings contain less than 5% of Ti. 
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5.4.5  Discussion  
 
The results obtained from the XANES study in Figure V.10 to V.12 suggests that there are 
two main competing structural orders in the AlxTi1-xOy coatings.  The Ti L and the Al K edges 
have revealed these two main competing structural orders are the amorphous (anatase-like) 
TiO2 and the tetrahedral Al2O3 phase (see section 5.4.6.1) respectively. For samples with low 
concentrations of Ti, substitution of Ti for Al atoms occurs within the tetrahedral Al2O3 
structural units.  This is in agreement with the X-ray absorption spectroscopy study of Al-Ti-
O complexes by Kojima et al. [146]. 
When neither of the two main competing structural orders are dominant (i.e. for the samples 
with 33% and 50% Al2O3 precursor cycles within the composite series) a material with a 
higher amount of structural disorder is expected.  This structural disorder in the material is 
expected to contribute to a slight increase in thickness over other more ordered amorphous 
materials (anatase-like TiO2 or tetrahedral Al2O3 phases).  The measured refractive index in 
Figure V.13 does not vary significantly at low concentrations of Ti (precursor cycle ratios 3 to 
1 and 2 to 1 of Al2O3 to TiO2 cycles) from that of Al2O3.  There is a drastic increase (precursor 
cycle ratios 1 to 1 and 1 to 2 of Al2O3 to TiO2 cycles), however, in the refractive index of 
samples that coincides with the observed transition from the predominantly tetrahedral 
aluminium oxide to the anatase-like titanium oxide structural order. 
From the XPS results of the sample that is of the structurally ambiguous order (see the O 1s 
peak of the Al31Ti10O58 sample in Figure V.9(a)) we can see the relative broadening of the O 1s 
peak which is a reflection of a wider distribution of electron binding energies present in the 
O shell.  A likely explanation for a wider distribution of electron binding energies is that 
there is an increase in the variety of bonding geometries.  This illustrates the point made 
earlier, that neither of the two main competing structural orders dominate within the 
Al31Ti10O58 sample. 
 
 
5.4.6 Multilayer coatings of AlxTi1-xOy thin films 
 
In order to determine the growth rate of the various composites and to study the morphology 
and the interfaces between composite layers, a multilayer composite stack was deposited as 
shown in Figure V.14.  This multilayer stack was also deposited in order to ensure the 
90 
 
repeatability of the chemical composition results for single layer dielectric composite 
samples in a more complex coating design and to check the growth rates of individual layers. 
 
  
Figure V.14 Schematic of the multilayer coating containing AlxTi1-xOy layers deposited 
on Si substrates.  The deposition recipes that include the precursor cycle ratios are also 
shown. 
 
Auger electron spectroscopy depth profiling was then performed in order to determine the 
relative atomic ratios with respect to the thickness of the multilayer coatings.  Figure V.15 
shows the resulting elemental depth profile that is consistent with the multilayer design 
construct in Figure V.14.  Moreover the layer interfaces appear well defined.  The elemental 
depth profiles of the multilayer coatings correspond with the XPS results of the single layers 
deposited using the same precursor cycle ratios. 
 
 
 
Figure V.15 Elemental depth profiles of AlxTi1-xOy dielectric composite multilayer 
stack deposited according to the precursor cycle recipe shown in Figure V.14. 
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Cross sectional Transmission Electron Microscopy (X-TEM) analysis was also performed on 
the multilayer composite stacks deposited according to Figure V.14.  The resultant images 
are shown in Figure V.16 and Figure V.17.  The darker thin films in the TEM images 
correspond to the higher concentration Ti layers in the Auger depth profile Figure V.15.  This 
is due to the higher electron transparency of the Al-rich thin films. 
 
 
Figure V.16 Transmission Electron Microscopy (TEM) images of the multilayer  
coatings made up of AlxTi1-xOy dielectric composite layers according to the ALD recipe in 
Figure V.14. 
 
High resolution TEM imaging in Figure V.17 suggests that the dielectric composite coatings 
of alumina and titania are amorphous.  This was confirmed by performing diffraction 
analysis of the entire coating.  Due to the limited spatial resolution available, the diffraction 
patterns of the individual layers were not collected.  The TEM image in Figure V.17 also 
illustrates that the constituent materials are well interspersed and that the layer interfaces 
are relatively abrupt. 
The TEM analysis has revealed that the dielectric composite layers are both amorphous and 
have a consistent composition, justifying our implied assumption in section 5.4.4 that the 
optical properties of the single layer AlxTi1-xOy thin films are homogeneous.  The layer 
interfaces are shown to be well defined with no evidence of intermixing. 
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Figure V.17 High resolution TEM image of an AlxTi1-xOy layer from Figure V.16 given 
as an example to show the abruptness of the layer interfaces. 
 
 
5.4.7  Summary 
 
The bonding properties of the single layer AlxTi1-xOy dielectric composite thin films have been 
investigated by XPS and XANES while the optical properties have been modelled according 
to the Cauchy model fitting to the ellipsometric data obtained by VASE.  Structural analysis 
indicated that substitutional effects of Ti for Al atoms within AlxTi1-xOy thin films at low 
concentrations of Ti were predominant.  Likewise, low Al concentration AlxTi1-xOy sample 
XANES analysis revealed distorted octahedral coordination of Al atoms.  Optically, the AlxTi1-
xOy thin films were found to vary in their properties from that of Al2O3 to that of TiO2 
according to the predominant short range structural order and composition. 
AES and TEM analysis was used to show that multilayer AlxTi1-xOy dielectric composite 
coatings can be deposited with relatively sharp layer interfaces using ALD.  This leads to the 
possibility of using AlxTi1-xOy layers in the design of complex optical coatings with any given 
refractive index within the imposed limits of Al2O3 and TiO2.  This idea is taken up in the 
next chapter. 
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5.5 Conclusion 
 
ALD was investigated for its suitability as a deposition method in producing quality Al2O3 
and TiO2 optical coatings.  The metal oxide thin films have been characterised in terms of 
their optical, morphological and chemical composition properties. The local bonding 
arrangements of ALD deposited Al2O3 and TiO2 have also been studied.  It has been found 
that ALD is capable of producing high quality flat uniform optical coatings on thermally 
sensitive substrates.  A multilayer optical coating design was implemented at low 
temperature.  The deposited multilayer coating is characterised using a variety of techniques 
and electron beam irradiation was found to have caused the formation of nanocrystals within 
the coating.  Pressure imbalances were deemed to be the likely cause of unexpected thin film 
thickness variation during synthesis of the multilayer optical coating design. 
Competition between the short range structural orders of tetrahedral Al2O3 and anatase TiO2 
within amorphous AlxTi1-xOy thin films was investigated using XPS and XANES.  Indication 
of substitutional effects of Ti for Al was found at low concentrations of Ti in AlxTi1-xOy thin 
films and vice versa.  It has been shown that AlxTi1-xOy dielectric composite coatings whose 
optical properties are found to be an amalgamation of the spectral characteristics of the 
constituent materials provide us with the ability to deposit coatings with any desired 
refractive index within the boundaries imposed by the refractive index functions of Al2O3 and 
TiO2.  Examination of AlxTi1-xOy multilayer thin films has shown no evidence of intermixing 
of layers. 
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Chapter VI  
 
 
Gradient index optical coating 
design and development 
 
 
 
 
Two different methods for the deposition of gradient index optical coatings 
were investigated.  An aluminium sub-oxide coating with a varying 
concentration of oxygen was deposited by Filtered Cathodic Vacuum Arc.  
Using Atomic Layer Deposition, a gradient index design of a bandstop filter on 
quartz is realised by controlling the refractive index of titania/alumina 
composites.  Both types of coatings were investigated in terms of their 
microstructure and optical response. 
 
 
 
6.1 Introduction 
 
The advantages of using gradient index thin films to produce optical coatings have been 
known for some time.  For example, varied inhomogeneous or gradient index optical coating 
designs have been reported for use as antireflective coatings, notch or bandstop filters, 
bandpass filters and broadband high reflectors [12, 14-17, 49, 147-152].  However, gradient 
index coating deposition requires the careful engineering of thin films with specific optical 
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properties.  Barna et al. have explored the transition from Al to amorphous Al2O3 in terms of 
its effects on the optical, mechanical and corrosion properties [153, 154].  However, only the 
reflectivity of the coatings has been investigated. 
There have been recent developments in the controlled use of modified surface structures 
and porosity in order to create gradient index coatings.  Xi et al. have reported on using 
porosity in order to achieve effective refractive indices that are close to that of air [155].  Kuo 
et al. have exploited this phenomenon to deposit a graded index antireflective coating on Si 
using 7 layers produced with various deposition methods.  In this way they were able to 
produce a wide angle broadband antireflective coating [23].  Another way of achieving 
variations in the effective refractive index is through the use of porous Si coatings [28].  An 
electrochemical deposition method has been used by Lorenzo et al. [29, 30] in achieving the 
deposition of a gradient index or rugate coating design with the use of a porous Si coating.  
This particular method, however, suffers from the degradation in performance due to 
oxidation of the exposed Si over time.  By their nature, methods that rely on porosity in 
general experience variations in performance dependant on environmental factors such as 
humidity. 
Lappschies et al. [34] have been able to synthesise quasi-rugate coatings with exceptional 
spectral characteristics using ion beam sputtering.  They relied on mechanically moving a 
modified deposition target composed of two types of material to deposit varying refractive 
index materials.  Coupled with in situ broadband optical monitoring and an automated 
compensation process during deposition they were able to synthesise thick (10µm) optical 
rugate coatings with performance superior to traditional multilayer coatings. 
This chapter addresses two possible methods to more faithfully realise lasting gradient index 
designs without a need for optical monitoring or changing deposition methods during 
coating.  Gradient index coatings are produced using the Filtered Cathodic Vacuum Arc 
(FCVA) and Atomic Layer Deposition (ALD).  Results from Chapters IV section 4.4 and V 
section 5.4 are used to tailor the refractive indices as a function of the coating’s thickness.  
Section 6.2 presents the characterisation of an AlOx prototype gradient index coating 
deposited by FCVA where x was varied from x<1 to x=1.5.  Section 6.3 presents the use of 
ALD in the deposition of an AlxTi1-xOy gradient index coating.  In the final section, ALD is 
used to prepare a rugate bandstop filter based on a gradient index design. 
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6.2 Gradient index coatings deposited using a 
Filtered Cathodic Vacuum Arc 
 
In Chapter V the optical properties of aluminium sub-oxide coatings were determined for 
varying oxygen contents.  This section uses those results in order to deposit a coating that 
varies from the fully oxidised to the oxygen deficient AlOx using the FCVA.  Such a gradient 
index coating may be useful for the realisation of more complex optical coating designs. 
 
 
6.2.1  Design of experiment 
 
As explained in Chapter IV section 4.4.2, FCVA depositions of various AlOx coating 
compositions were obtained by using different Ar and O2 gas flow settings during film 
growth.  A computer programmable I/O card was used to produce a specific voltage signal 
and this was used to vary the gas flow settings on a mass flow controller on the FCVA system.  
In this way an external control of the gas flow settings was established (see Figure VI.1).  A 
graphical user interface was created on the computer in order to achieve precise control of 
the gas flow settings over the time of the deposition. 
From previous depositions it was determined that the lower range of the Ar and O2 gas flows 
used, produced AlOx coatings with lower oxygen content.  However, the mass flow controller 
(YamatakeTM CMQ-V series) was limited to gas injections of 2 mL/min or greater.  This 
limited the range of x in AlOx which could be deposited.  To facilitate AlOx depositions with a 
greater range of compositions, a gas cylinder with a mixture of Ar and O2 was used which 
effectively reduced the concentration of O2. 
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Figure VI.1 Schematic of the Filtered Cathodic Vacuum Arc (FCVA) setup used during 
deposition of aluminium sub-oxide coatings.  Included in the drawing is the timed 
external control over the gas flow settings. 
 
The gas mixture was chosen according to the balance needed in allowing Al2O3 to be 
deposited at the high range of the gas flows and to minimise the oxygen concentration in the 
AlOx coatings deposited at the low range of the gas flows.  A gas cylinder mixture composed 
of 70% Ar and 30% O2 was used as the connection for inlet 1, while a 2 mL/min flow of Ar at 
inlet 2 was maintained throughout the depositions with the aim of minimising the effects of 
cathode poisoning (see Chapter IV section 4.2.2) in the manner portrayed in Figure VI.1. 
The FCVA deposition recipe employed is given in Figure VI.2 and the accompanying graphic 
illustrates the gradient AlOx coating design.  By depositing a coating whose refractive index is 
varying from a low value (Al2O3) to a higher value (Al rich AlOx) close to the Si substrate and 
whose total thickness matches that required of a quarter wave optical thickness coating some 
antireflective properties are expected. 
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Figure VI.2 Illustration of the experimental design and the table of experimental 
conditions used during the deposition of a gradient AlOx coating.  A voltage sweep was 
applied to the YamatakeTM CMQ-V series mass flow controller which controlled the flow 
of the Ar/O2 mixture during Direct Current (DC) reactive Filtered Cathodic Vacuum Arc 
(FCVA) deposition.  The gas pressures were measured using a capacitance gauge. 
 
 
 
6.2.2  Material characterisation 
 
The composition, morphology and optical response of the gradient index AlOx coating 
deposited using FCVA was characterised by AES, TEM and reflectance measurements 
respectively. The composition of the coating as a function of thickness has been determined 
using AES, as described in section 3.1.3.2.  Figure VI.3 shows the elemental depth profile of 
the gradient index coating that has been deposited on Si. 
Substrate
AlOx coating
AlOx
Al2O3
Gas flow control
70%Ar /30%O2      
mix (mL/min)
Ar (mL/min)
applied voltage 
sweep (V)
20 2 0.50 ~1 44
19 2 0.47 - 44
18 2 0.44 - 44
17 2 0.42 - 44
16 2 0.39 - 44
15 2 0.37 - 44
14 2 0.35 - 44
13 2 0.32 - 44
12 2 0.29 - 44
11 2 0.27 - 44
10 2 0.24 - 44
9 2 0.22 - 44
8 2 0.19 - 44
7 2 0.17 - 44
6 2 0.15 - 44
5 2 0.13 - 44
4 2 0.10 - 44
3 2 0.08 - 44
2 2 0.05 ~0.1 44
Gas flows Deposition 
time                    
(s)
Gas pressure
(mTorr)
Coating 
thickness 
~80nm
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Figure VI.3 Elemental depth profile of the gradient AlOx coating deposited using DC 
reactive FCVA.  The amount of Al content is gradually increasing as a function of depth 
which corresponds to the desired design whose illustration can be seen in Figure VI.2. 
 
There is an increase in the coating’s oxygen concentration from right to left in Figure VI.3 
and this coincides with a gradual increase in the working pressure during the deposition of 
this coating (see section 6.2.1). There appears to be an Al rich layer adjacent to the silicon 
substrate.  This is in keeping with our deposition conditions shown in Figure VI.2 where at 
the beginning of the deposition there is significantly less oxygen than toward the end of the 
deposition.  It also corresponds with the aluminium sub-oxide thin film findings explored in 
Chapter IV section 4.4.2 that indicated that at low gas pressures with little oxygen, Al rich 
coatings would be deposited. 
In order to investigate the morphology, Transmission Electron Microscopy (TEM) was 
employed.  The TEM image of the AlOx coating is shown in Figure VI.4.  The coating contains 
lines of discontinuity perpendicular to the growth direction (the arrow in Figure VI.4 
indicates an example).  These lines have been observed previously in FCVA films and result 
from stoppages in the deposition process (see Chapter IV section 4.3.4).  Also noticeable is a 
change in film morphology from smooth near the surface to one which appears to be made 
up of two phases closer to the Si substrate. 
There is a thin dark layer immediately adjacent to the silicon substrate which may 
correspond to the Al rich layer observed in the elemental depth profile of Figure VI.3.  
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Figure VI.4 Cross sectional Transmission Electron Microscopy (TEM) image of the 
gradient AlOx coating deposited on Si.  An interface in the coating that is highlighted by 
a white arrow is attributed to a break during deposition.  Green circles highlight an 
altered phase in the oxygen deficient part of the coating. 
 
The change in coating morphology with depth in the coating corresponds to changing 
stoichometry from Al2O3 (smooth) to AlOx (with evidence of multiple phases present) as x 
was reduced.  This altered microstructure may be explained by different types of Al bonding 
(both metallic and oxide) seen in the X-ray Absorption Near Edge Structure (XANES) results 
of Chapter IV, section 4.4 for the most oxygen deficient sample in Figure IV.18(d). 
In order to obtain more details about the sample, an EELS line scan was collected along the 
line indicated in Figure VI.5(a).  Reference low loss EELS spectra are shown in Figure 
VI.5(b) [94].  Figure VI.5(c) shows example low loss EELS spectra at the locations indicated 
along the line.  The spectrum from point E shows a typical plasmon peak from carbon which 
is produced by the glue used during sample preparation.  The spectrum from region D shows 
a single broad plasmon peak centred at 24eV which corresponds to Al2O3 [94].  The EELS 
spectra taken at points B and C show an extra contribution to the spectrum at approximately 
15 eV which is consistent with the presence of metallic Al (plasmon peak at 15eV) within the 
gradient AlOx coating.  The Al plasmon contribution is more pronounced in the EELS 
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spectrum taken at point B indicating an increasing Al content in the gradient coating closer 
to the Si substrate.  Point A shows the low loss EELS from the Si substrate. This result is 
consistent with the elemental depth profile seen in Figure VI.3 and explains the TEM 
observations that the coating contains multiple phases of metallic Al and AlOx as the 
elemental ratio of Al to O increases closer to the substrate. 
 
 
(a) 
 
(c) 
 
(b) 
Figure VI.5 (a) Scanning TEM cross sectional image of the gradient AlOx coating from 
Figure VI.4.  Point A: Si substrate, Point B:  Al rich aluminium oxide, Point C: 
aluminium sub-oxide, Point D: Al2O3, Point E: glue from sample preparation.  The green 
line represents the regions on which an Electron Energy Loss Spectroscopy (EELS) line 
scan was performed.  (b) Al2O3, Al and Si reference spectra [94] (c) Low loss EELS 
spectra of regions shown in (a). 
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The elemental depth profile seen in Figure VI.3 and the scanning TEM EELS spectrum 
analysis have both shown that the gradient AlOx coating varies in composition according to 
the design outlined in section 6.2.1.  The EELS spectra at point B and C also support the 
notion of different AlOx phases coexisting within the gradient coating one of which is 
highlighted in the TEM image in Figure VI.4.  This type of segregation of AlOx phases is 
reminiscent of previous work performed on FCVA deposited AlN/Al multilayers [156]. 
 
 
6.2.3   Optical response 
 
From the results obtained during the material investigations of the AlOx gradient index 
coating in section 6.2.2, the theoretical spectral response was simulated.  The approximation 
model used was Bruggeman Effective Medium Approximation (EMA) where the constituent 
materials were Al2O3 and Al.  The Al content in the model which can be seen in Figure VI.6 
was adjusted to reflect the composition of the gradient index coating with respect to 
thickness. 
 
 
Figure VI.6 Approximation model used in determining the theoretical spectral 
response of the AlOx gradient index coating seen in Figure VI.4.  A Bruggeman Effective 
Medium Approximation (EMA) was used with different ratios of Al2O3 and Al.  The 
resulting theoretical response can be seen in Figure VI.7. 
 
The spectral response of the coating is shown in Figure VI.7.  The reflectance is compared to 
that obtained for a bare crystalline Si substrate and the refractive index matching properties 
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of the coating on Si produce near zero reflectance at a wavelength of around 450nm.  This 
result suggests that AlOx coatings could be successfully used as ‘cermets’ or solar selective 
coatings, for enhancing photothermal conversion efficiencies [24].  This result is attributed 
to the impedance matching, with the gradual increase in the refractive index due to the 
increasing content of Al metal within the aluminium sub-oxide film. 
 
 
Figure VI.7 Optical response of the gradient AlOx coating deposited on Si shown along 
with the reflectance profile exhibited by the bare Si substrate.  The discontinuity at a 
wavelength of 800nm is an artefact of the optical technique. 
 
The theoretical response of the model from Figure VI.6 is clearly inadequate in predicting 
the reflectance of a gradient index AlOx coating.  The Bruggeman model assumes the 
composite materials are randomly dispersed in a continuous matrix of a dielectric phase 
[157] rather than the physical and chemical mixing of the AlOx medium which is revealed by 
the material characterisation results in section 6.2.2.  At high concentrations of Al, optical 
properties predicted by the Bruggeman approximation seem to break down.  The failure of 
the optical model used has meant that until a more suitable EMA method is developed, the 
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implementation of more complex gradient index designs by using FCVA deposited AlOx 
coatings will not be carried out. 
 
 
6.2.4  Summary 
 
The deposition of an AlOx gradient index coating has been carried out through the control of 
gas mixtures during DC reactive FCVA deposition.  The wide range of compositions called on 
by the design has been achieved in the gradient index coating as evidenced by elemental 
depth profiling.  TEM and EELS analysis have revealed the coating’s structural variation 
which is consistent with the bonding arrangements found in individual aluminium sub-oxide 
coatings in Chapter IV section 4.4. 
Due to the absorption characteristics of aluminium sub-oxide coatings, the optical design 
uses of such a gradient index coating are limited to specific applications where optical 
absorption is either desirable (such as the case of thermosolar cermet coatings) or where the 
benefits of increased electrical conductivity outweigh the issue of increased optical 
absorption (such as the case of Al-doped coatings).  The limits on the precision achievable 
using the available FCVA equipment and the failure of the optical models used in predicting 
the spectral response of AlOx gradient index coatings are issues that would need to be 
addressed before optical designs with a low error tolerance would be able to be produced. 
 
 
 
 
6.3 Gradient index coatings deposited using 
Atomic Layer Deposition 
 
In this section Atomic Layer Deposition (ALD) and the knowledge that was gained by 
characterising the AlxTi1-xOy dielectric composite single layers in Chapter V section 5.4 is 
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used to produce a gradient index coating.  Having determined properties of the various 
dielectric composite mixes, a gradient coating with constantly varying chemical composition 
is designed.  Further optimisation of the composite cycle ratios is carried out in order to 
more closely approximate a gradient coating.  Based on Chapter V section 5.4 composite 
cycle ratios that broadly covered the spectrum of refractive indices between Al2O3 and TiO2 
were used in order to deposit a gradient index coating. 
As discussed in the introduction, gradient coatings offer the possibility of greater freedom in 
the manipulation of coating properties.  These have the potential to greatly enhance 
performance and create the opportunity for the design of a whole range of new types of 
devices.  By using dielectric composites of Al2O3 and TiO2 coatings, which are two widely 
used materials in optical coating design, it is shown that optical coating designs need not be 
limited to the properties standard materials can offer. 
 
 
6.3.1  Design of experiment 
 
Chapter V section 5.4 characterised AlxTi1-xOy thin films deposited using ALD.  There the 
single layer depositions were carried out by varying the ratio of the Al2O3 and TiO2 pulses 
within an ALD cycle which consisted of vapour phase reactions between AlCl3+H2O and 
TiCl4+H2O respectively.  The same methodology is used here with the difference being that 
instead of depositing single layer coatings with the same dielectric composite mix, the 
composite mix is designed to vary with the thickness of the coating in order to emulate a 
gradient compositional variance in the coating. 
An AlxTi1-xOy coating varying in composition from x=1 to x=0 to x=1 in the direction 
perpendicular to the substrate was produced with precise control of the coating composition.  
The coating was made by ‘quantizing’ the design of Figure VI.8 through the use of dielectric 
composite layers which were explored in Chapter V section 5.4 and deposited in the same 
manner.  The ALD ‘recipe’ that was used in producing this coating is given in Figure VI.8.  
The experimental conditions not presented in the table are the same as those outlined in 
Chapter V section 5.2.1. 
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Figure VI.8 Illustration of the experimental design and the table of experimental 
conditions used during the deposition of a gradient AlxTi1-xOy coating.  The chemical 
composition was controlled by using different ratios of Al2O3 and TiO2 pulses within an 
ALD cycle.  The thickness was controlled by using previously determined effective 
Growth Per Cycle (GPC) rates. 
 
 
6.3.2  Material characterisation 
 
An elemental depth profile of the coating was obtained using AES and the results are shown 
in Figure VI.9(a).  The Shirley background fit of the O Kl1 peak was between 495 and 526 eV.  
As was shown in Chapter III (section 3.3.1), however, there is a peak shift in the O Kl1 peak 
depending on the prevalent type of O bonding present.  These peak shifts lead to an increase 
in the noise of the O elemental depth profile seen in Figure VI.9(a).  The elemental depth 
profile still shows the overall composition variation as a function of coating depth that was 
intended by the design in Figure VI.8. 
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For a more complete picture, the contour graphs of the Auger electron spectra along with the 
characteristic spectra and the intensity profiles of the Ti Lm2, Al Kl1 and Si Kl1 peaks are 
shown in Figure VI.9(b), (c) and (d), respectively.  In Figure VI.9(b), a contour plot of the 
intensity of the Auger electrons as a function of their kinetic energy and the sputtering time 
(i.e. sample thickness) is shown.  The kinetic energy range encompasses the Ti Lm2 and the 
O Kl1 peaks and the shift in the O Kl1 peak, already discussed in this section, can be seen in 
the contour plot.  The Ti Lm2 and O Kl1 peak characteristic of TiO2 [84], can be seen in the 
top inset of Figure VI.9(b) which is represented by the horizontal yellow line in the contour 
plot.  The side inset in Figure VI.9(b) is the intensity of the Ti Lm2 peak at ~418eV as a 
function of the sputtering time. 
Figure VI.9(c) shows the contour plot of the Auger electron spectra that includes the Al Kl1 
peak as a function of the sputtering time and Figure VI.9(d) presents the Auger electron 
intensity in a contour plot as a function of the sputtering time and the kinetic energy whose 
range includes the Si Kl1 peak.  The Auger electron spectra characteristic of Al2O3 and Si [84] 
are shown in the top insets which are represented by the horizontal yellow lines of the 
contour plots of Figure VI.9(c) and (d) respectively. 
The intensity of the Al Kl1 peak at ~1390eV as a function of sputtering time is shown in the 
side inset and represented by the vertical yellow line in the contour plot of Figure VI.9 (c).  
The side insets of Figure VI.9(b) and (c) show the Al and Ti content of the coating which 
varies as intended by the design (see Figure VI.8).  This variation is seen more clearly here 
than in the elemental depth profile of Figure VI.9 (a).  After 1200 seconds of sputtering time, 
the Al Kl1 peak is no longer seen and the contour plot of Figure VI.9(c) shows a steep 
gradient in the kinetic energy.  This is due to the Si background signal.  The intensity profile 
of the Si Kl1 peak, which is positioned at ~1615eV, can be seen in the side inset of Figure VI.9 
(d). 
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Figure VI.9 (a) Elemental depth profile of the gradient AlxTi1-xOy coating deposited on 
Si.  Auger Electron Spectroscopy (AES) contour maps of the depth profile as functions 
of the Auger kinetic energy, intensity and the sputtering time. (b) Ti L and O K peaks 
AES contour map.  Top inset (horizontal yellow line in contour map): AES spectrum of 
TiO2.  Right inset (vertical yellow line in contour map): Intensity depth profile of the Ti 
Lm2 peak at 418eV.  (c) Al K peak AES contour map.  Top inset: AES spectrum of Al2O3.  
Right inset: Intensity depth profile of the Al Kl1 peak at 1384eV.  (d) Si K peak AES 
contour map.  Top inset: AES spectrum of Si.  Right inset: Intensity depth profile of the 
Si Kl1 peak at 1614eV. 
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6.3.3  Summary 
 
The design of an AlxTi1-xOy gradient coating with constantly varying chemical composition 
has been successfully implemented using ALD.  AES has shown that the chemical 
composition ratio of Al to Ti present in the dielectric composite mix can be tailored 
according to need.  The precision of the ALD method used here for the deposition of an 
AlxTi1-xOy gradient coating has also been revealed through careful analysis of the AES depth 
profiling results. 
Chemical composition variations can be precisely controlled through the use of different 
composite cycle ratios using ALD.  As has been shown in Chapter V section 5.4, variations in 
the chemical composition of AlxTi1-xOy deposited using ALD represent the spectrum of 
refractive indices between Al2O3 and TiO2.  These two findings lend themselves to the 
implementation of complex gradient index optical designs. 
 
 
 
 
 
6.4 Realisation of a rugate bandstop optical filter 
 
 
 
6.4.1  Introduction 
 
Having successfully deposited gradient index coatings using both FCVA in section 6.2 and 
ALD in section 6.3, this section presents the realisation of a gradient index optical coating 
design.  The ALD method outlined in section 6.3 has been chosen for the implementation of 
a broadband optical coating.  The reasons for this include the transparency of the AlxTi1-xOy 
dielectric composite thin films in the optical region (see Chapter V section 5.4), the 
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attainable precision of the deposition method (see section 6.3) and the greater degree of 
optical design freedom that AlxTi1-xOy gradient coatings bring. 
A gradient index optical bandstop filter design is produced and an approximation to the 
design is made for purposes of deposition by using compositions of AlxTi1-xOy with tailored 
refractive index profiles.  The resulting gradient index coating design is deposited on a Si 
substrate as well as on quartz and the samples are analysed for their composition and optical 
response. 
The design of the gradient index optical coating is presented in section 6.4.2 and the 
experiment is planned for the design in section 6.4.3.  The synthesised design is examined in 
detail for its material properties in section 6.4.4 and its optical response in section 6.4.5. 
 
 
6.4.2  Gradient index optical coating design 
 
The ideal bandstop filter is one which reflects light within a range of wavelengths and 
transmits all the rest, as shown in Figure VI.10 [158].  There are optical rugate filter designs 
that try to simulate this type of optical response with varying degrees of success. 
 
(a) (b) 
Figure VI.10 Characteristics of an idealised bandstop filter in terms of its (a) 
reflectance and (b) transmittance profiles. 
 
100 200 300 400 500 600 700 800 900
0
20
40
60
80
100
Re
fle
ct
a
n
ce
 
(%
)
Wavelength (nm)
100 200 300 400 500 600 700 800 900
0
20
40
60
80
100
 
Tr
a
n
sm
itt
a
n
ce
 
(%
)
Wavelength (nm)
111 
 
The simplest of these optical coating designs is a wavelet rugate filter whose refractive index 
profile is represented by Equation (6.1) [50]. 
 
2( ) sin
2
pv
a
a
n x
n x n
n T
pi θ = + + 
 
 (6.1) 
Where 
n(x)= real part of the refractive index as a function of the optical thickness 
na=average refractive index 
npv=refractive index range of the wavelet 
x=optical thickness=refractive index multiplied by physical thickness 
T=wavelet period in optical thickness 
θ=a phase term for the wavelet 
 
In order to improve the broadband properties of the bandstop filter design Southwell 
proposed the apodization of the refractive index wavelet [14, 15]. 
 
2 2( ) exp sin
2 2
pva
a
a
nNn T x
n x n x
n T
piβ θ    = + − − +    
     
 (6.2) 
Where 
β=a phase term which determines the amount of apodization 
 
Southwell further improved on this design by suggesting that only the front and back end of 
the coating design be apodized as well as matched to the substrate and the surrounding 
medium [14, 15]. 
The gradient index optical coating design shown in Figure VI.11 is based on Equations (6.1)
and (6.2) but modified in order to account for the limitations in the range of refractive index 
values we were able to produce.  The wavelength range around 500nm was chosen as the 
bandstop and the appropriate value for the wavelet period T was chosen.  The total number 
of cycles N was 8 with the middle 4 following the wavelet Equation (6.1) while the first two 
and the last two periods were apodized according to Equation (6.2).  The coating was 
matched to a quartz substrate and air by linearly varying the value of na from that of Al2O3 to 
the average value of the TiO2 and Al2O3 real refractive index at a wavelength of 500nm which 
were determined in Chapter VI section 6.4.  Table VI-1 lists all of the values that were used in 
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determining the optical coating design based on Southwell’s rugate filter designs along with 
the definition of terms. 
 
Table VI-1 List of definitions used in Equation (6.1) and the values used to obtain the 
design shown in Figure VI.11 
 
 
 
 
Figure VI.11 Apodized rugate design of an optical filter with a bandstop at a 
wavelength of 500nm. 
 
 
 
λ0=500nm design wavelength (centre of bandstop)
n(TiO2 at λ0)=2.45
refractive index of titanium dioxide at a wavelength of 
500nm (see ChapterV, section 5.4.4)
n(Al2O3 at λ0)=1.59
refractive index of aluminium oxide at a wavelength of 
500nm (see ChapterV, section 5.4.4)
na≈2.02 approximate value of the average refractive index
npv=0.86 range of the refractive indices present in the wavelet
T= λ0/2na≈124nm wavelet period
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6.4.3  Design of experiment 
 
Earlier in this chapter, it was shown that it is possible to precisely control gradient index 
coatings by quantizing a desired compositional profile into a series of ultra thin AlxTi1-xOy 
layers.  Using the characterisation of the optical properties in Chapter V, section 5.4.4 the 
broadband optical properties and growth rates for intermediate compositions were 
interpolated according to Figure VI.12(a) and (b).  Now the gradient index optical coating 
design from section 6.4.2 could be quantized by using layers with tailored refractive indices. 
The gradient index optical coating design was implemented by quantizing the desired 
refractive index profile seen in Figure VI.11.  Here, the Growth Per Cycle (GPC) rates and the 
optical properties of the constituent layers at the design wavelength as determined in 
Chapter V are shown in Figure VI.12(a) and (b), respectively. 
 
(a) (b) 
Figure VI.12 (a) Data plot of the effective Growth Per Cycle (GPC) of AlxTi1-xOy thin 
films as a function of Al2O3 cycles within a composite cycle.  A line of best fit is also 
included.  (b) Refractive index of individual AlxTi1-xOy thin films at a wavelength of 
500nm as determined from Chapter V Figure V-15.  The data is presented as a function 
of Al2O3 cycles within a composite cycle. 
 
The material properties of thin films with composite cycle ratios that were not measured, 
were interpolated from the fits in Figure VI.12 (a) and (b).  This was done so that the 
refractive index profile at 500 nm of the coating to be deposited would more closely match 
that of the gradient index design in Figure VI.12. The refractive index quantization of the 
design is featured in terms of the physical thickness in Figure VI.13 (as compared to optical 
thickness in Figure VI.11). 
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Figure VI.13 Refractive index quantization of the design in Figure VI.11 is shown as a 
function of the coating’s physical thickness, individual layer numbers are indicated in 
the figure. 
 
 
6.4.4  Material characterisation 
 
The thickness and the dielectric nature of the gradient index coating meant that reliable AES 
depth profiles could not be obtained from this sample due to surface charging effects (see 
Chapter III section 3.1.4.1).  Therefore, cross-sectional TEM samples of the gradient index 
coating deposited on Si were produced in order to perform the material characterisation.  A 
TEM image of the coating is shown in Figure VI.14.  From the image the total coating 
thickness was determined to be ~1100nm. The difference with the designed thickness of 
1000nm is attributed to a software glitch that occurred during the planned deposition of 
region D, for which the compositional cycle recipe was not able to be recovered.  There is also 
an abrupt interface seen in region D which is highlighted by the pointer in Figure VI.14. 
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Figure VI.14 Cross sectional TEM image of the deposited AlxTi1-xOy gradient index 
design from Figure VI.13.  The white arrow points to a deviation from the experimental 
design.  The dark regions indicate the Ti rich regions which correspond to the peaks in 
the desired refractive index profiles seen in Figure VI.11 and Figure VI.13. 
 
Due to limitations in spatial and depth resolution, XANES measurements could not be 
obtained from the individual layers of this sample.  Therefore ELNES measurements were 
performed from which similar local electronic structure information about the sample was 
gathered [159].  Figure VI.15 shows EELS spectra in the vicinity of the Ti L and O K edges of 
the AlxTi1-xOy material obtained in the Scanning Transmission Electron Microscopy (STEM) 
mode (see Chapter III section 3.1.2.2) by rastering the beam across a very thin cross section 
of the gradient index coating.  The spectra were calibrated so that the onset of the Ti L edge 
occurs at the established value of 460eV [52]. 
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Figure VI.15 Electron Loss Near Edge Structure (ELNES) of the Ti L and O K edges was 
derived from an Electron Energy Loss Spectroscopy (EELS) line scan performed on a 
thin section (around region E) of the coating from Figure VI.14. 
 
While not much can be discerned from the Ti L edge since the expected splitting of the L3 
and L2 peaks is unresolved due to instrument limitation, there is a gradual change in the 
ELNES of the O K peak at ~530eV as the Ti L edge becomes more pronounced in the EELS 
spectra.  Moreover the variation in the ELNES of the O K peak corresponds with that of the 
variation seen in the XANES of the dielectric composite layers pictured in Chapter V, Figure 
V.11.  This result suggests that the bonding properties of the dielectric composites within the 
gradient index coating are consistent with those of the single layer dielectric composites of 
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Chapter V section 5.4.  There has been a recent study which has suggested that there may be 
significant differences between bulk and surface glass structures [160].  However, the 
agreement between the ELNES and XANES results suggests that the bulk and the surface 
structures of the AlxTi1-xOy dielectric composites deposited by ALD are consistent. 
The dark field STEM image of the gradient index coating on Si is seen in Figure VI.16(a).  
Also pictured in Figure VI.16(a) is the line across which the beam was rastered in the STEM 
mode.  The ELNES that was obtained is shown in the contour graph of Figure VI.16(b). 
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(a)                                                           (b)                                                   (c) 
Figure VI.16 (a) A scanning TEM bright field image of the gradient index coating in 
Figure VI.14.  The region across which an EELS line scan was taken is shown.  (b) Ti L 
and O K edges presented in an ELNES contour map of the region shown in (a).  (c) 
Intensity depth profile of the O K edge along the vertical yellow line in the contour map. 
 
The intensity of the O K edge is shown in Figure VI.16(c) and is represented by the vertical 
yellow line in the contour plot.  The inset gives us a chance to qualitatively asses the 
composition of the coating as a function of depth.  Precise quantitative analysis was not 
possible due to the variations in the cross sectional thickness of the specimen due to the TEM 
sample preparation technique employed (see Chapter III section 3.1.2.2).  The intensity 
peaks in Figure VI.16(c) represent the Ti-rich regions of the coating.  The O K edge intensity 
is greater there than the Al-rich regions because it also includes the background electron 
intensity count due to the Ti present.  The peaks seen in Figure VI.16(c) can be matched up 
with those of the desired gradient index profile, with the obvious exception of peak D which 
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exhibits strong compositional asymmetry due to the deviation from design mentioned earlier 
in this section. 
 
6.4.5  Optical response 
 
Figure VI.17 presents the spectrophotometry results of the gradient index AlxTi1-xOy coating 
on quartz.  For comparison, the software simulated reflectance and transmittance [55] of the 
quantized gradient index design featured in Figure VI.13 are also shown in Figure VI.17(a) 
and (b) respectively. 
 
 
(a) 
 
(b) 
Figure VI.17 (a) Reflectance and (b) transmittance of the AlxTi1-xOy gradient index 
bandstop filter along with the simulated response of the coating on glass.  The 
simulation was limited to those wavelengths for which the optical characteristics of 
AlxTi1-xOy thin films were obtained. 
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While certainly not identical the experimental results are close to that of the simulation and 
the undulations in the spectrum match.  The experimental results are red shifted which is the 
result of the added thickness of the coating described in section 6.4.4. 
 
 
6.4.6  Summary 
 
A bandstop optical filter based on rugate coating theory was designed and implemented as 
an ALD coating by using the approximation that the refractive index profile could be 
quantised.  AlxTi1-xOy thin films with tailored refractive indices that correspond to the design 
profile were chosen.  Material characterisation of the coating was carried out using a variety 
of TEM-related analysis techniques and a slight deviation from the experimental design due 
to the software limitation of the equipment available was found.  This material deviation 
explained the discrepancy between the simulated and experimental optical response. 
 
 
 
 
6.5 Conclusion 
 
This chapter explored two possible methods for the synthesis of gradient index optical 
coating design. Firstly, the deposition of an AlOx gradient index coating was carried out by 
controlling the gas mixes during DC reactive FCVA deposition.  This section built on the 
experimental findings of the optical and chemical bonding properties of aluminium sub-
oxide thin films that were discussed in Chapter IV section 4.4. 
Secondly, ALD was used to deposit an AlxTi1-xOy gradient coating with a steadily varying 
chemical composition.  It was found that the composition of the coating can be precisely 
controlled through the use of different ALD composite cycle ratios.  Combined with the 
optical characterisation results of single layer AlxTi1-xOy coatings presented in Chapter V 
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section 5.4, precise control over the chemical composition meant that precise control over 
the refractive indices could also be exerted. 
Finally, a bandstop optical filter based on a rugate optical design was designed and 
synthesised using the ALD method.  The deposition and design process indicated that 
complex gradient index optical designs can be implemented using the ALD method.  The 
deposition of the gradient index bandstop optical filter was successfully carried out and its 
optical response compared to simulations.  These did not match exactly due to a software 
glitch that disrupted the proper execution of the deposition recipe. 
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Chapter VII  
 
 
Conclusion 
 
 
 
This chapter summarises the most important findings in this Thesis together 
with a discussion of their relevance in the field of optical coatings.  An outline 
of the major outcomes of this work and how they address the aims of this thesis 
is also included. 
 
 
 
7.1 Overview 
 
This thesis has concentrated on two methods of deposition which show great promise in the 
deposition of optical coatings.  These methods were Filtered Cathodic Vacuum Arc (FCVA) 
and Atomic Layer Deposition (ALD), which are presently not well established for the 
deposition of optical coatings. However, both FCVA and ALD offer considerable potential 
benefits in terms of control of composition and microstructure of the coating which 
determine its optical properties. Such control is required to synthesise more complex optical 
components which often require specifically tailored optical properties through the thickness 
of the coating. 
The use of FCVA for the deposition of Al2O3 and TiO2 optical grade coatings was investigated. 
It was demonstrated that good quality coatings could be prepared at deposition rates 
significantly greater than PVD methods which are currently more widely utilised in the 
deposition of optical thin films.  Moreover it was shown that the FCVA method allows for 
122 
 
control over the morphology of deposited thin films through the use of a substrate bias, 
which can be used to vary the ion energy. 
A trilayer antireflective optical coating based on a Al2O3/Al/Al2O3 trilayer design was 
synthesised using FVCA. A critical aspect of this design was finding the most suitable 
conditions for depositing flat ultrathin Al metal coatings on a dielectric thin film.  A series of 
Al2O3/Al/Al2O3 trilayer coatings were deposited and characterised using a variety of 
methods.  The optimum conditions for the synthesis of a broadband antireflective coating 
was successfully found in which the Al layer thickness had to be carefully chosen in order to 
take into account oxidation which effectively reduces the thickness of the layer. 
ALD was investigated for its suitability as a deposition method in producing quality Al2O3 
and TiO2 optical coatings at low substrate temperatures.  The metal oxide thin films have 
been characterised in terms of their optical, morphological and chemical composition 
properties.  The local bonding arrangements of ALD deposited Al2O3 and TiO2 have also been 
examined.  While deposition rates of the ALD processes are significantly lower than those of 
currently used industrial deposition methods it has been shown that they produce high 
quality optical coatings.  The conformal deposition nature inherent in the ALD method and 
the advent of roll to roll capability in ALD machinery means that this method of deposition 
has the potential to be highly sought after in industrial applications such as 3rd generation 
photovoltaic devices. 
A multilayer optical coating design was implemented at temperatures which allow for 
deposition on thermally sensitive substrates such as polycarbonate materials using ALD.  It 
was shown that AlxTi1-xOy dielectric composite thin films whose optical properties are found 
to be an amalgamation of the spectral characteristics of the constituent materials provide us 
with the ability to deposit coatings with any desired refractive index within the boundaries 
imposed by the refractive index functions of Al2O3 and TiO2.  Short range structural order 
within AlxTi1-xOy thin films was also examined. 
Blending of material properties in order to obtain a more useful one is not a new concept.  
However, it has been underutilised when it comes to optical coatings.  Different constituent 
materials can be used in order to tailor a composite material with more advantageous 
properties.  Transparent conducting oxides are a case in point; one line of currently popular 
research is that of Al-doped ZnO where a trade-off is made between the transparency and 
electrical transport properties of the coating in order to fashion greater overall efficiency in 
photovoltaic devices.  The effects of oxygen content on the optical and bonding properties of 
aluminium sub-oxide thin films produced using FCVA have been investigated with the view 
of gaining the ability to control the optical properties of aluminium sub-oxide coatings. The 
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relationship between bonding states present in the aluminium sub-oxide thin films and their 
optical properties has been studied. 
Two methods for the synthesis of gradient index optical coating design were investigated. 
The first involved the deposition of an AlOx gradient index coating prepared by controlling 
the gas mixtures used during the FCVA deposition.  This section built on the experimental 
findings of the optical and chemical bonding properties of aluminium sub-oxide thin films 
discussed earlier in this Thesis.  The AlOx coating’s reflectance minimum was found to occur 
at a wavelength of around 500nm and the increase in reflectance over the naked substrate in 
the infrared showed that the substrate with the coating would act as an optical absorber and 
an insulator of heat. This type of coating may be a viable candidate as a cermet coating for 
thermosolar applications. 
The second method for preparing gradient index coatings investigated in this Thesis was 
using ALD to deposit an AlxTi1-xOy gradient coating with a steadily varying chemical 
composition.  It was found that the composition of the coating can be precisely controlled 
through the use of different composite cycle ratios using ALD.  Combined with the optical 
characterisation results of single layer AlxTi1-xOy coatings presented earlier in this Thesis, 
precise control over the chemical composition meant that precise control over the refractive 
indices could also be exerted. 
The advantages of rugate optical coating designs have been well established [12].  The 
implementation of these designs, however, has proven to be a more complicated issue [3].  
Recently there have been advances in implementing graded designs through the use of 
nanorod multilayers with differing amounts of porosity [25].  The difficulties in the 
deposition of such nanorod designs have yet to be overcome, however.  
A bandstop optical filter based on a rugate design was designed and synthesised using the 
ALD method.    The optical design was based on Southwell’s apodised rugate designs and the 
calculated refractive index profile was quantized into discrete refractive index values.  The 
deposition was carried out by utilising tailored AlxTi1-xOy thin films deposited using ALD.  
Thus a gradient index bandstop filter was designed and synthesised. The results showed that 
complex gradient index optical designs can be implemented using ALD. 
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7.2 Outcomes 
 
The outcomes of this Thesis include: 
• An in-depth investigation of the use of FCVA for the deposition of Al2O3 and TiO2 
which are important optical coatings 
• The deposition of a dielectric/metal/dielectric coating with a flat ultrathin metal layer 
by using FCVA’s ability to control the energy of depositing species 
• The synthesis and characterisation of AlOx and AlxTi1-xOy coatings with particular 
optical properties by careful control of deposition conditions 
• Local bonding arrangements in AlOx and AlxTi1-xOy thin films were investigated along 
with their optical properties 
• The synthesis of a gradient index coating using FCVA based on AlOx by controlling 
the composition as a function of thickness by varying the gas mixtures during 
deposition 
• To the knowledge of the author, the first implementation of a gradient index or 
rugate design using ALD 
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